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ABSTRACT 


The  effects  of  a  high  fluid  pressure  environment  on  electronic 
components  has'fceen  examined  with  emphasis  on  semicond-ictor  devices 
including  integrated  circuits.  The  impetus  for  this  study  has  been 
the  possible  application  of  electronic  sys terns  in  the  deep  ocean 
without  protection  from  the  large  hydrostatic  pressure  of  that  envir¬ 
onment. 

The  effects  of  both  the  fluid  and  the  pressure  on  components 
immersed  in  oil  at  pressures  up  to  15*000  psi  have  been  considered 
theoretically,  with  experimental  verification  when  possible.  It  is 
concluded  that  structurally  homogeneous  electronic  materials  such  as 
silicon  and  germanium  will  not  be  affected  by  the  high  pressures. 
Similarly,  while  the  fluid  and  the  impurities  contained  in  it  can 
potentially  cause  changes  in  semiconductor  device  properties,  none 
are  expected  to  occur  because  of  the  advanced  manufacturing  and  pack¬ 
aging  techniques  currently  employed  for  such  devices.  The  effects  of 
pressure  will  be  cost  evident  on  components  containing  voids  within 
the  package.  For  example,  metal  enclosures  for  semiconductor  devices 
will  be  deformed  at  pressures  equivalent  to  israersion  at  several 
hundred  foot  depths  in  the  ocean. 

Pressure  hardening  techniques  involving  free  flooding  and  component 
structure  design  are  described. 
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STUDY  OF  CONTEMPORARY  ELECTRONIC  COMPONENTS 
UNDER  A  FLUID-PRESSURE  ENVIRONMENT 


I. 00  INTRODUCTION 

The  purpose  of  this  report  is  to  document  the  results  of  a  study  to 
determine  the  Influence  of  a  fluid-pressure  environment  on  contemporary 
electronic  components.  The  study  has  been  concerned  with:  (1)  an  identi¬ 
fication  of  problem  areas,  (2)  evaluation  of  devices  and  components  in 
view  of  problems,  (3)  identification  of  failure  codes  and  techniques  to 
prevent  failures,  and  (4)  development  of  technology  to  be  used  to  harden 
as  cany  components  as  possible  for  use  in  undersea  applications.  The 
results  reported  here  are  based  on  both  theoretical  and  experimental 
considerations.  Due  to  the  complexity  and  size  of  the  total  problem 
of  outboarding  electronics,  the  study  has  of  necessity  been  limited  to 
critical  areas  with  many  interesting  and  needed  considerations  forgone 
in  the  interest  of  time  and  funds. 

1.1  Past  Work  and  Future  Needs 

The  desire  and  indeed  the  successful  accomplishment  of  outboarding 
electronics  is  not  new.  As  early  as  1959  (Ref.  1},  testing  was  started 
to  determine  the  effect  of  deep  ocean  pressures  on  both  passive  components, 
resistors,  capacitors,  inductors-transformers,  and  thermistors  and  active 
components,  transistors  and  batteries.  Subsequent  tests  were  performed 
in  the  same  manner  (Refs.  2,  3,  4J.  The  approach  was  strictly  empirical. 
Typically  used  components  were  selected  and  circuit  parameters*  resistance, 
capacitance,  inductance,  leakage,  currents,  etc.  were  monitored  to  determine 
their  change  in  value  versus  pressure.  Insofar  ns  components  could  be 
generally  classified  by  type,  the  results  were  siailar: 


/ 


1. 


Carbon-composition  resistors  usually  changed  value  by  -20Z/10C0 
atnospheres  to  -30Z/1000  atmospheres*  Hire  wound  or  filn  type 
resistors  usually  exhibited  little  change  in  resistance  with 
pressure. 

2.  Capacitors  of  cospletely  filled  construction,  such  as  Bolded 

or  dipped  oica,  glass,  sylar  and  impregnated  paper  types,  usually 
showed  seall  change  in  capacitance  with  pressure.  Exceptions 
were  traceable  to  internal  voids,  the  effects  of  these  voids 
were  core  noticeable  for  tantalum  and  aluninua  electrolytic 
capacitors,  which  usually  exhibited  severe  case  deformation 
and  often  failed. 

3.  Inductors  and  transfomers  with  laminated  cores  usually  exhibited 
little  parameter  value  change  (Inductance  or  voltage  ratio). 
However,  porous  core  structures  such  as  permalloy  dust,  tape 
wound  and  ferrites  were  found  to  exhibit  large  value  changes 
with  pressure. 

4.  Transistor  cases  crushed  at  pressures  which  depended  upon  size, 
the  larger  the  case  size  usually  the  lower  the  pressure  at 
which  it  failed. 

A  few  atteepts  at  codification  were  Bade.  Potting  was  found  to  be 
effective  in  increasing  component  pressure  resistance,  particularly  when 
a  flexible  silicone  rubber  under  coat  was  used  prior  to  the  addition  of 
a  oore  rigid  outer  cover  such  as  epoxy  [Ref.  2],  Potting  of  complete 
circuits  was  also  found  to  be  effective  [Ref.  2).  Another  technique, 
flooding,  was  also  found  successful,  at  least  on  a  short  tern  basis. 
Flooding  with  oil  was  used  on  transistors  [Refs.  2,  3]  without  evidence 
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of  contamination  up  to  a  month.  Flooding  a  permalloy  dust  core  with  oil 
reduced  the  maximum  change  in  inductance  with  pressure  from  32  percent 
to  one  percent  (Ref.  2]. 

This  previous  work  has  been  empirical,  generally  an  attempt  to  find 
usable  components  to  fulfill  a  particular  need.  In  some  esses,  the  desig¬ 
nation  and  manufacturer  of  the  components  tested  has  been  given  (Refs.  1,  41, 
In  other  cases,  due  to  the  required  brevity  of  the  article,  such  information 
is  sketchy  {Ref.  2]  or  completely  absent  (Ref.  3).  The  reported  results 
lead  to  the  general  maxim:  avoid  voids.  Other  general  conclusions  are 
difficult  to  draw,  however. 

More  recently  there  have  been  two  activities  within  the  Navy  in  this 
field.  The  first  of  these  has  been  at  the  Navy  Ship  Research  and 
Development  Center  at  Annapolis,  Maryland  (Ref.  5j.  This  work  has  been 
concerned  primarily  with  a  review  of  the  total  problem  of  outboarding 
electronic  systems  and  consequently  considering  such  important  problems 
as  selection  of  the  pressurizing  fluid.  Reference  5  contains  many 
important  references  and  summaries  of  past  work.  The  other  Navy  study 
is  being  performed  at  the  Naval  Undersea  Center,  Hawaii  Laboratory 
(Ref.  6j.  This  work  has  concentrated  on  evaluating  the  feasibility  of 
utilizing  cff-the-shelf  electronic  components.  Numerous  devices  have 
been  identified  as  potential  candidates  for  outboard  applications. 

The  present  study  is  in  direct  support  of  the  NSRDC  effort. 

Emphasis  has  been  placed  cn  obtaining  fundamental  information  for  use  in 
characterizing  the  influence  of  a  fluid-pressure  environment  on  electronic 
components  and  to  identify  pressure  hardening  techniques  to  qualify 
devices  which  will  not  withstand  the  environment.  Because  a  fair  amount 
of  work  has  been  reported  to  date  on  passive  components,  the  emphasis  of 


Che  present  prograa  has  been  to  foraulate  an  analysis  that  will  explain 
the  previous  test  results.  For  senlconductor  coBponents,  however,  a 
sore  ambitious  prograa  has  been  undertaken.  This  has  been  done  for  tvo 
reasons:  first,  the  aoount  of  past  work  reported  in  this  area  is  slight, 
and  In  little  detail;  second,  the  recent  trend  in  integration  of  devices 
and  cosponents  In  senlconductor  nicrocircult  fora  has  and  will  continue 
to  revolutionize  circuit  design.  If  a  study  of  pressure  effects  is  to 
be  of  value  to  designers  of  future  Havy  outboarded  equipnents,  it  oust 
deal  with  those  devices  and  conponcnts  that  designers  Bust  use  to  carry 
out  the  Increasingly  conplex  operational  and  explorational  nlsslons  of 
this  decade  and  beyond. 

A  discussion  of  the  senlconductor  devices  most  likely  to  be  used 
and  the  justification  for  selection  of  representative  types  is  given  in 
Section  1.2  below.  Chapter  2.0  presrnts  an  analysis  of  the  effects  of 
pressure  on  component  housings  and  packages.  Including  a  discussion  of 
cethods  of  reinforcenent  or  redesign  to  improve  pressure  resistance. 
Chapter  3.0  deals  with  the  probless  caused  by  direct  exposure  of  conponeot 
internals  to  the  pressurizing  fluid.  Chapter  4.0  presents  a  senary  of 
the  results  of  the  study  to  dace  and  their  relation  to  the  anticipated 
problems.  Chapter  5.0  gives  our  recommendations  for  further  research. 

1.2  Selection  of  Drvlces  for  Testing 

In  order  to  obtain  an  idea  of  what  conponents  are  xest  likely  to 
bo  used  in  systeas  designed  In  the  near  future  for  outb warding,  which 
cosponents  oust  necessarily  be  tested  for  pressure  tolerance,  we  first 
look  at  several  system  types  that  would  possibly  be  outboarded.  For  con¬ 
venience,  we  divide  these  Into  categories  of  electronic  power  supplies, 
sensing  and  signal  processing  systems,  information  processing  and  control 
systems,  and  power  <nd  propulsion  control  systems.  Tables  1.1,  1.2,  1.3 
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Table  1.1:  Major  Cooponents  In  Electronics  Power  Supplies 


A.  Discrete  Coaponents 

1.  Trans formers 

2.  Inductors 

3.  Capacitor 

4.  Rectifiers 

5.  Series  Pass  Regulator 
(Power  Transistor) 

6.  Resistors  (Divider  and 
Eleeder  networks) 

7.  Thyristors  (SCR,  TRIAC,  etc.) 

3.  Integrated  Circuit  Coaponents 

1.  Voltage  and  current  sensing  and 
control 

2.  Reference  voltage  supplies 

3.  Zero-voltage  switching  control 

C.  Fabrication  Coaponents 


1. 

Hard  wire  and  solder 

2. 

Heat  sinks 

3. 

Circuit  board  (hard  wire 

or  p.c.) 

4. 

Device  sockets  and  board 
(plug  in) 

connectors 

S. 

Metal  chassis,  brackets. 

etc. 
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Table  1.2:  Kajor  Components  in  Sensing  and  Signal  Processing  System 


A.  Discrete  Devices 

1-  Crystals  (reference  oscillators,  filters) 

2.  Delay  lines 

3.  Transistors 
A.  Diodes 

5.  Capacitors 

6.  Resistors 
inductors 

6.  Transducer  elements 

B.  Integrated  Circuit  Conponents 

1*  Linear  IC's  (op  anps,  references) 

2.  Non-linear  IC's  (comparators,  one  shots,  D/A  and 
A/D  converters,  function  generators,  etc.) 

3.  Digital  IC’s 

C.  Hybrid  Components 

2 .  Linear  chips 

2.  Non-linear  chips 

3.  Digital  chips 

A.  Passive  component  chips  or  pellets 

D.  Fabrication  Components 

1.  Hard  wire  and  solder 

2.  Heat  sinks 

3.  Circuit  board  (hard  wire  or  p.c.) 

A.  Hybrid  substrate  and  lead  frame 

5.  Device  sockets  and  board  connectors  (plug  in) 

6.  Coaxial  cable  or  shielded  multi-pair 

7.  Chassis,  brackets 
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Table  1.3:  Major  Cooponeots  In  Infonoatlon  Processing  and  Control  System 


A.  Integrated  Circuit  Components 

!•  Gates  for  in/out  routing,  control 

2.  Shift  registers 

3.  Arithmetic  processors 
Flip-flops 

5.  Programmable  memory 

6.  Read  only  memory 

B.  Discrete  components 

!•  Crystals  (reference  oscillators  -  clock) 

2.  Delay  lines 

3.  Transistors 

4.  Passive  cooponents 
c-  Hybrid  Coaponents 

1-  Transistor  and  diode  chips  or  pellets 
2.  Passive  coaponent  chips  or  pellets 
D»  Fabrication  Components 

1.  Hard  vire  and  solder 

2.  Heat  Sinks 

3.  Circuit  board  (hard  wire  or  p.c.) 

4*  Hybrid  substrate  and  lead  frame 

5.  Device  sockets  and  board  connectors  (plug  in) 

6.  Coaxial  cable  or  shielded  aulci-pair 

7.  Chassis,  brackets 
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and  1.4  give,  respectively,  a  listing  of  the  coaponents  commonly  found 
in  systeas  of  these  types.  These  coaponents  are  divided  into  discrete 
coaponents,  in  other  words,  those  coaponents  containing  only  one  device; 
incegraced  circuit  coaponents  in  which  a  variety  of  electronic  functions 
are  perfomed  in  one  package;  end  fabrication  coaponents  including  the 
hardware  chat  is  necessary  to  interconnect  and  aount  the  discrete  and 
integrated  circuit  coaponents.  Another  category  which  is  Included  is 
that  of  hybrid  components.  The  hybrid  coaponents  are  those  coaponents 
which  serve  a  multifunction  purpose  and  are  different  from  integrated 
coaponents  in  that  they  may  be  composed  of  several  chips  and  cay  be  used 
r  the  saae  circuit  with  discrete  device  coaponents,  all  counted  In  one 
package. 

These  listings  are  not  meant  to  be  exhaustive,  but  are  meant  to  give 
:  indication  of  the  variety  of  components  which  oust  be  investigated 
•e  mu. i  oe  proved  to  be  pressure  tolerant  or  proved  to  be  nodifiable  to 
-.srure  tolerance  In  order  that  the  systems  of  these  types  may  be  con- 
'ructed  for  outboardlng  In  submersible  vehicles.  With  these  listings  as 
a  guide,  we  now  go  on  to  discuss  the  justification  for  including  the 
semiconductor  device  components  which  are  considered  to  be  useful  to  the 
v-.teas  designer,  both  in  the  itmaediate  future  and  several  years  from  now. 

Discrete  transistors  for  a  long  time  to  come  are  most  likely  to  be 
used  In  power  applications,  that  is,  in  those  applications  which  require 
the  handling  of  high  currents  or  high  voltages  in  a  circuit.  Except  for 
relatively  rare  occurrences,  such  ns  mentioned  in  (Ref.  7],  placement  of 
power  transistor  structures  on  an  integrated  circuit  chip  is  impractical 
due  to  the  large  area  required  and  because  of  the  beat  generated  during 
operation.  Large  areas  Increase  the  probability  of  manufacturing  defects 


8 


Table  1.4: 


Major  Components  to  Power  and  Propulsion  Control  System 


integrated  Circuits 

1.  Linear  XC's  (op  aaps,  references) 

2.  Kon-itoear  IC's  (D/A  converters,  one  shots) 

2.  digital  IC's  u^p-flops  and  logic  functions  for 
larzs,  interlocks  and  switching  control) 

B.  Discrete  Components 
Rectifiers 

2.  SCR  s  (uni-  and  bi-directional) 

Power  transistors 

i '  Capoclcors  (coaautation,  coupling,  filtering) 

5.  Resistors 

6-  UJT  and  four-layer  devices 
?.  Transformers  (pulse  and  power) 

8»  Inductors 

Eloctroaechanical  contactors 
10.  Surge  and  RF1  suppressors 
0.  Fab ri ration  Components 


1.  hard  wire  and  solder 

2.  neat  elnks 

3.  Circuit  board  (hard  wire  and  p.c.) 

4.  Hybrid  substrate  and  lead  franc 

5.  Device  sockets  and  board  connectors 

6.  Coax  cable  or  shielded  nultl-pair 

7.  Chassis,  brackets,  etc. 
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due  to  the  presence  of  crystallographic  faults  in  the  silicon  wafer,  or 
due  to  inhomogeneous  conditions  over  the  wafer's  surface  during  one  or  more 
of  the  processing  steps  in  constructing  the  circuit.  In  addition,  the 
large  power  dissipation  of  a  power  transistor  structure  Beans  that  the 
heat  oust  be  dissipated  and  that  the  surrounding  area  of  the  chip  is 
raised  to  a  fairly  high  operating  temperature.  If  this  can  be  porsibly 
avoided  in  the  snail  signal  circuits,  it  is  desirable  to  do  so.  For  these 
reasons,  it  seems  cost  likely  that  far  into  the  future,  whenever  snail 
signal  processing  components  and  power  transistor  coaponents  oust  be 
used  in  the  sane  circuit,  that  the  power  transistor  coaponents  will  be 
separately  nounted  away  from  the  snail  signal  processing  circuit  chips 
so  that  the  power  dissipation  of  the  higher  power  coaponents  can  be 
adequately  taken  care  of  without  undue  tenperature  rises  in  the  snail 
signal  circuits. 

The  next  category  of  components  is  that  of  small  scale,  or  medium 
scale,  integrated  circuits.  These  are  used  in  relatively  simple  systems, 
such  as  those  for  sensing  and  signal  processing,  or  these  for  exercising 
control.  Table  1.5  lists  a  few  applications  of  some  small  scale,  integrated 
circuits  in  typical  systems  for  signal  processing  such  as  communications. 

A  wide  variety  of  operational  amplifiers  and  small  scale  integrated 
circuits  are  available  for  linear  signal  processing,  ouch  as  amplification, 
and  filtering  of  signals.  These  small  signal  integrated  circuits  operational 
amplifiers  may  also  be  used  for  nonlinear  applications,  such  as  modulation, 
demodulation  and  waveform  generation  and  shaping.  However,  some  specialized 
units  are  also  constructed  for  modulator/demodulator  units  for  constant 
voltage  regulation  and  for  constant  current  regulation.  In  addition  to 
these  linear  devices  and  specialized  nonlinear  devices,  also  there  are 
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Table  1.5:  Typical  App)  .cations  of  Small  Scale  Integrated 
Circuits  in  Signal  Processing 

Amplification  (DC,  Audio,  Video) 

Balance  to  un-balance  level  shift 
Automatic  tuning  and  grain  control 
Active  network  filtering  (continuous) 

Analog  operations  (integration,  summing,  etc.) 
Impedance  matching 
Timer  and  synchronisation  functions 
Digital  filtering 

Signal  modulation  and  demodulation 
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linear/nonlinear  combinations  which  arc  used  in  circuits  such  as  sample 
and  hold  circuits  A/D  and  D/A  converters,  nultiplier/dividers  and  similar 
circuit  types. 

Digital  IC  devices  also  can  be  obtained  in  snail  scale  IC  fora,  but 
nay  also  range  up  to  very  large  scale  IC  fora.  Exaaples  of  the  snail 
scale  digital  XC's  are  hex  inverters  and  flip-flops,  and  examples  of 
large  scale  devices  are  shift  registers,  programmable  randon  access 
memories  (RAM’s)  and  read-only  nenories  (ROM’s).  A  coaparison  of  the 
cajor  1C  digital  logic  fanilies  taken  from  a  recent  survey  [Ref.  8)  is 
available  for  various  circuit  design  inplecentations,  is  shown  in 
Table  1.6.  Another  table.  Table  1.7,  shows  the  availability  of  various 
functional  types  and  the  respective  fanilies  [Ref.  8].  Since  the 
referenced  article  was  published  in  December  1970,  many  additional 
functional  types  have  becone  available,  particularly  in  MOS  and  CKOS 
circuit  implementations. 

In  addition  to  the  bipolar  transistor  type  logic  fanilies,  such  as 
the  TTD,  DTL,  and  ECL  fanilies,  the  MOS  and  CMOS  structures  are-  rapidly 
becoming  najor  building  blocks  in  circuit  design.  This  is  because 
laportant  improvements  have  been  made  in  reducing  the  area  committed  to 
the  building  block  device  in  these  digital  IC  circuits  and  due  to  the 
fact  that  many  of  the  iOS  type  circuits  can  be  made  much  note  reliably 
than  they  were  when  they  were  initially  Introduced  onto  the  market.  The 
advent  of  "self-registering”  MOSFET  structures  has  enabled  greater 
fabrication  simplicity,  higher  functional  packing  densities  and  ease  of 
circuit  design  for  high  speed  operation  (Ref.  9). 
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Table  1.6:  Availability  of  functions  for  various  XC  faailies  [Ref.  8] 
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The  small  scale  integrated  circuits  and  medium  scale  integrated 
circuits  are  used  in  those  applications  where  the  designer  wishes  a  high 
functional  packing  density.  For  instance,  with  a  small  scale  integrated 
circuit,  one  can  obtain  several  transistors  on  one  chip  which  takes  up 
just  a  fraction  of  the  volume  of  Che  same  transistors  packaged  as  discrete 
devices.  The  medium  scale  integration  of  operational  amplifiers  offers 
the  circuit  designer  the  possibility  of  almost  ideal  black-box  type  circuit 
design  in  which  he  can  use  the  inherently  high  gain  cf  the  operational 
amplifier  in  connection  with  suitable  feedback  elements  to  achieve  whatever 
gain  characteristic  is  required  in  this  circuit  application.  In  addition, 
prepackaged  medium  scale  integrated  circuit  devices,  such  as  modulators, 
demodulators,  oultiplier/dividers  or  logarithaitic  amplifiers,  can  shrink 
the  required  space  in  a  circuit  and  provide  the  circuit  designer  with  a 
much  reduced  design  problem  in  that  he  does  not  have  to  design  all  of  the 
internals  which  go  into  making  up  such  circuits,  but  has  only  to  deal  with 
the  input  and  output  terminal  characteristics*  For  these  reasons  it  is 
expected  that  the  use  cf  small  scale  integrated  circuits  and  medium  scale 
integrated  circuits  in  circuit  design  will  be  very  widespread  and  indeed, 
has  already  become  common  in  circuit  design.  Since  the  circuit  designer 
will  be  using  devices  of  these  types,  it  is  imperative  that  a  realistic 
testing  program  test  whether  or  not  devices  cf  the  various  types  of  small 
scale  and  medium  scale  integrated  circuit*  can  withstand  the  pressure 
requirements  for  their  application. 

The  saving  grace  in  the  face  of  the  multiplicity  of  circuit  functions 
is  that  all  of  these  devices  are  based  on  a  single  technology,  silicon 
planar  technology.  Therefore,  only  representative  samples  of  such  devices 
need  be  tested  thoroughly  and  the  behavior  of  these  circuit  functions  under 
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Che  applied  pressure  can  be  extrapolated  to  Interpret  or  predict  what 
will  happen  with  the  other  types  of  devices. 

The  medium  scale  and  small  scale  integrated  circuits  used  in  digital 
logic  circuits  are  used  for  a  variety  of  functions,  not  only  to  perform 
logic  necessary  to  compute  or  perforn  various  mathematical  functions  in 
the  digital  logic  circuits,  but  also  in  the  design  of  go/no-go  decision 
aalting  circuits  which  are  useful  in  alarn  and  interlock.  The  large  scale 
integrated  IC's  will  find  vast  application  in  information  processing 
conputers,  in  memory  and  control  manipulations  within  these  computers. 

In  computers  which  are  designed  for  use  at  atsospherlc  pressure,  be 
it  land  cr  sea,  the  magnetic  core  has  found  an  almost  preemptive  place 
in  the  design  of  large  volume  storage  memories  for  computers.  However, 
it  turns  out  Ifief.  7]  that  the  ferrite  ore  is  extremely  sensitive  to 
stress  and  a  great  deal  of  trouble  has  been  experienced  in  the  past 
whenever  these  cores  w;re  potted  in  such  a  manner  as  to  build  in  such 
strains.  If  the  potting  material  applies  excessive  stress  to  the  core, 
then  unwanted  effects  are  found  {Ref.  10 1 .  If  this  happens  with  the 
stresses  developed  in  'lotting,  it  will  assuredly  happen  also  with  the 
stresses  due  to  hydrostatic  pressure  in  an  outboarded  electronic  system. 
Therefore,  it  is  highly  unlikely  that  feTice  memory  cores  will  be  used 
to  construct  the  memor'es  of  outboarded  conputers  in  a  pressure  tolerant 
electronic  system.  In  contrast,  planar  silicon  IC's  for  memory  are 
expected  to  be  insensitive  to  deep  ocean  pressures. 

In  addition  to  the  competitive  feature  of  Integrated  circuit  memory 
components  and  system  design,  vis-fi-vis  •'errltc  cores,  the  imagination  of 
IC  designers  Is  providing  a  great  many  different  functions  for  the  use 
of  system  designers  in  implementing  their  ideas.  The  multiplicity  of 
available  functions  enriles  a  more  unique  design  on  the  part  of  an  individual 


designer,  and  will  cose  to  advantage  when  the  unique  characteristics 
required  of  Navy  systems  forces  the  designer  to  cope  with  the  required 
design  constraints.  In  addition  to  the  multiplicity  of  functional  types 
available,  an  effort  is  being  made  by  many  device  manufacturers  now  to 
provide  compatibility  among  logic  types.  Notable  in  this  direction  is 
the  effort  of  some  manufacturers  to  cake  MOS  type  logic  circuits  compatible 
with  bipolar  TTL  logic  circuits  so  that  a  designer  can  intemix  the  two 
types  of  circuits  in  his  systea  design  with  a  minimum  amount  of  interface 
difficulty.  For  these  reasons,  it  seeos  that  in  the  future  an  increasing 
use  will  be  nade  of  the  many  large  scale  integrated  circuit  functions 
and  medium  scale  integrated  circuit  functions  for  logic  circuit  design 
of  various  systea  types. 

The  large  scale  integrated  circuits  will  be  trade  and  are  made  on 
silicon  chips,  of  planar  geometry.  However,  it  is  not  entirely  safe  to 
extrapolate  the  results  froa  testing  of  snail  scale  or  medium  scale  inte¬ 
grated  circuits  to  the  testing  of  large  scale  integrated  circuits  because 
the  chip  area  of  the  large  scale  integrated  circuit  is  usually  nuch  larger. 
Tills  larger  area  will  undoubtedly  result  in  more  voids  in  the  bond  between 
the  semiconductor  chip  and  the  header  upon  which  the  chip  is  mounted. 

Care  must  be  taken  in  the  examination  of  these  devices,  the  LSI  devices, 
to  assure  that  consistently  the  bonding  technique  used  to  bond  the  chip 
to  the  substrate  is  such  that  the  voids  formed  are  much  less  than  those 
likely  to  lead  to  extreme  deformation  or  cracking  of  the  chip  under  a 
high  applied  pressure. 

The  above  discussion  leads  to  the  following  rationale  about  testing 
devices  which  a.c  representative  of  those  most  likely  to  be  used  in  PTS 
applications.  Because  of  the  marked  similarity  of  silicon  planar  device 
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processing  used  for  practically  all  types  of  devices  now  available,  it  is 
necessary  only  to  test  representative  devices,  not  test  all  devices. 

Representative  devices  were  selected  for  testing  on  the  following 
bases. 

1.  Snail  signal  transistors,  both  bipolar  (npn  or  pip)  and  unipolar 
(field  effect)  types  would  be  expected  to  be  sensitive  to  tonic  contac- 
inatr.or.  of  their  surfaces  unless  adequate  design  in  fabrication  has 
forestalled  such  effects  through  the  use  of  passivation,  field  plates, 
"channel  stoppers"  or  rimilar  techniques. 

2.  Silicon  power  transistors  would  be  expected  to  be  susceptible 
to  mechanical  damage  because  of  the  relatively  large  chip  area  which 
provides  a  greater  possibility  of  voids  i't  the  chip  to  substrate  bond. 

In  addition,  some  experience  with  heat  tr-msfer  characteristics  of  power 
devici  s  in  pressurized  oil  was  needed. 

3.  Germanium  devices  lack  the  oxide  passivation  used  on  silicon 
devices.  These  would  bi  expected  to  be  ircsediately  affected  by  any 
ionic  contamination  in  pressurizing  dielectric  fluid. 

2.  Medium  scale  integrated  circuit?  have  relatively  large  chips, 
typically  30  to  60  mils  per  side.  There  vould  be  a  greater  possibility 
than  for  smaller  chips  to  encounter  voids  in  the  chip  to  substrate  bend. 
Linear  integrated  circuits  such  as  operational  amplifiers  would  include 
a  variety  of  component  types  on  one  chip  such  as  resistors,  capacitors, 
diodes  and  transistors.  In  addition,  the  input  transistors  operate  at 
low  sitnal  levels  and  would  be  expected  to  show  up  any  contamination 
effects  which  would  be  amplified  through  to  the  output  stages. 

Tie  devices  tested  ind  types  of  test  are  presented  in  Table  l.S. 
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Tabic  1.8:  Types  of  Devices  Tested  and  Types  of  Tests 


f- 


Device 


Designation 

Function 

Material 

Type 

Testing  Type  and  Condition 

2N4232 

Fewer 

Silicon 

SP5-Plane 

Pressure  and  contamination  - 
Decapped  TO  can 

253740 

Power 

Silicon 

P5P-Plare 

Pressure  and  contamination  - 
De capped  TO  can 

251412 

Power 

Cemaniun 

P5P-Alloy 

Pressure  and  contamination  - 
Decapped  TO  can 

251553 

Power 

Gcmaniua 

P5P-Alloy 

Pressure  and  contamination  - 
Decapped  TO  can 

252222A 

Snail  signal 

Silicon 

KPK-Flane 

Pressure  and  contamination  - 
Decapped  TO  can 

252907a 

Snail  signal 

Silicon 

PSP-Plane 

Pressure  and  contamination  - 
Decapped  TO  can 

25526 

Snail  signal 

Cemaniun 

P5P-Alloy 

Pressure  and  contamination  - 
Decapped  TO  can 

253796 

Snail  signal 

Silicon 

MOSFET 

Contamination  -  Decapped 

5  Channel 

TO  can 

35 157 

Snail  signal 

Silicon 

MOSFET 

Pressure  and  contamination  - 

P  Channel 

Decapped  TO  can 

35152 

Snail  signal 

Silicon 

MOSFET 

5  Channel 

Pressure  -  Decapped  TO  can 

35140 

Snail  signal 

Silicon 

MOSFET 

Pressure  —  'ecappcd  TO  can 

5  Channel 

H164 

Snail  signal 

Silicon 

MOSFET 

P  Channel 

Pressure  -  Dacapped  TO  can 

255459 

Snail  signal 

Silicon 

JFET 

5  Channel 

Pressure  -  Plastic  package 

2N5462 

Snail  signal 

Silicon 

JFET 

P  Channel 

Pressure  -  Plastic  package 

252484 

Snail  signal 

Silicon 

NP5-Plane 

Pressure  and  contamination  - 
Decapped  TO  can 

252483 

Snail  Signal 

Silicon 

HPS-Plane 

Contamination  -  Decapped 

TO  can 

2570b 

Snail  signal 

Silicon 

NPN-Plane 

Contamination  •*  Decapped 

TO  can 

252995 

Snail  signal 

Silicon 

P5P-Plane 

Pressure  -  Decapped  TO  can 

253962 

Snail  signal 

Silicon 

PSP-Plane 

Pressure  *  Decapped  TO  can 

S574735 

Dual  J-K 
Flip/Flop 

Si licon 

Plane 

Pressure  -  Plastic  package 
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1.8:  Types  of  Devices  Tested  and  Types  of  Tests  (contV) 


Device 

Designation  Function 


-  “  "  *  rrcijuenc* 

Compensated 

Operational 

Amplifier 

t  * '  7"  7  Precision 

Operational 
Amplifier 


Material  Type  Testing  Type  and  Condition 

Silicon  Plane  -  Pressurs  -  Dec-*—  ^ 

20  transis¬ 
tors,  12  re¬ 
sistors,  l 
capacitor 

Silicon  Plane  -  Pressure  -  caT 

20  transis-  Pressure  -  Ceramic  pcck-nes 
tors,  4  diode- 
connected 
transistors, 

11  resistors 


2.0  EFFECTS  OF  PRESSURE  OK  COMPONENT  HOUSINGS  AND  PACKAGES 


2.1  Introduction 

Component  housings  typically  present  a  large  surface  area  over  void 
regions.  Generally,  the  thickness  of  the  material  is  sufficient  to  protect 
against  randoa  blows  in  an  atmospheric  ambient,  but  not  sufficient  to 
resist  deformation  under  large  hydrostatic  pressures.  Such  deformation 
say  result  in  dasage  due  to  shorting  of  electrical  circuits,  catastrophic 
collapse  or  stress  amplification  that  leads  to  failure  of  the  component 
internal  to  the  package.  These  possibilities  cake  it  icperative  to 
analyze  the  deformations  that  will  occur  in  typical  component  package 
configurations  and  to  determine  the  maximum  allowable  hydrostatic  pressure 
for  a  given  package  type. 

The  well  known  methods  of  linear  elastic  theory  are  used  In  this 
chapter  for  the  analysis  of  the  mechanical  stress  distributions  which 
result  in  component  packages  when  subjected  to  hydrostatic  pressures. 

The  usual  assumptions  [Refs.  11,  12]  t.ade  in  such  an  analysis  are  employed 
here,  namely  that  -  — 

1.  the  materials  are  perfectly  elastic; 

2.  the  materials  are  homogeneous  and  isotropic;  and 

3.  superposition  of  stresses  (or  strains)  is  permissible. 

These  assumptions  aliow  the  use  of  relatively  well  developed  models  to 
determine  at  what  hydrostatic  pressures  the  limiting  value  of  elastic 
stress  is  reached.  This  is  the  yield  point  stress.  Beyond  this  stress, 
permanent  deformations  occur  and  the  assumptions  listed  above  are  no  longer 
valid. 

In  many,  if  not  most,  cases  the  yield  point  cay  be  reached  at  some 
point  in  one  or  more  regions  of  a  component  housing  without  noticeable 
permanent  deforcation  occurring.  Due  to  the  fact  that  strain  Increases 


ouch  core  rapidly  with  stress  beyond  the  yield  point  for  these  materials 
which  yield  and  do  not  fracture,  the  overstressed  (i.e.,  beyond  yield 
point)  portions  of  these  regions  will  no  longer  contribute  as  ouch  load 
bearing  capability  as  before  the  yield  threshold  was  reached.  Vhen  a 
significant  fraction  of  material  in  a  given  region  has  been  overstressed, 
permanent  deformation  becomes  noticeable.  Therefore,  the  yield  point 
stress  represents  a  significant  threshold  for  permanent  mechanical  defor¬ 
mation.  The  value  of  yield  point  stress,  designated  in  this  report  as  sy, 
is  known  for  most  metals  and  alloys  used  in  component  package  construction. 

For  ceramic  materials,  there  is  a  large  disparity  between  tensile 
strength  (generally  low)  and  compressive  strength  (generally  high).  In 
ceramic  packages  where  pressure  acts  on  a  surface  to  provide  a  flexing 
action  (membrane  stress),  the  flexural  strength  of  ceramic  materials 
is  analogous  to  the  yield  point  stress  for  metals.  Flexural  strength  is 
determined  from  the  breaking  strength  of  a  beam  type  sample  of  the  material, 
calculated  as  if  the  tensile  and  compressive  stresses  increased  linearly 
from  zero  at  the  neutral  axis  to  a  maximum  at  the  extreme  outer  fibers - 

Using  the  methods  of  elasticity  theory,  briefly  reviewed  in  Appendix  6.1, 
the  general  problem  faced  in  our  analysis  is  to  determine  the  stress  distri¬ 
bution  s(x,y,z)  in  model  structures  which  resemble  the  component  packages 
most  generally  used.  These  structures  are  composed  of  laminar  slab 
elements.  Acting  on  these  elements  are  the  applied  pressure,  P,  reaction 
forces,  R,  and  bending  moments,  M,  as  sketched  in  Figure  2.1  below. 

The  maximum  stress  developed  at  various  points  in  the  structure  is 
then  set  equal  to  the  yield  strength  or  flexural  strength  as  appropriate 
and  the  pressure,  P,  which  produces  this  stress  is  determined.  This  is 
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?  (A 


converted  to  an  equivalent  depth  of  water  and  is  used  to  indicate  the 
depth  threshold  beyond  which  permanent  deforcation  or  fracture  can  be 
expected, 

2.2  Mechanical  Effects  of  Pressure  on  Packages  Used  for  Seniconductor 

Devices 

Contenporary  seaiconductor  devices  are  housed  in  a  variety  of  packages. 
Fortunately,  the  diversity  in  package  types  is  not  as  great  as  the  diversity 
in  device  types.  Figure  2.2  shews  soce  of  the  package  types  used  to  house 
discrete  transistors.  The  TO  cans  are  cade  of  cecal,  with  a  relatively 
thin  shell  cover  or  cap.  Soce  typical  cap  thicknesses  are  given  in 
Table  2,1.  Table  2.2  lists  typical  construction  oaterlal  for  caps.  The 
headers  (betton  cover)  used  Ray  vary  fron  relatively  thir.  disks  with  a 
thickness  not  nuch  larger  than  that  of  the  cap  to  a  relatively  raassive, 
thick  plate  in  the  case  of  high  dissipation  devices,  such  as  power  transis¬ 
tors,  power  zener  diodes  and  gate  controlled  rectifiers.  Soce  typical 
header  types  are  shown  in  Figure  2.3.  It  should  be  noted  chat  at  least 
two  different  naterials  are  used  in  the  construction  of  each  of  these  headers. 
Soce  insulation,  usually  glass,  is  used  to  electrically  insulate  feedthrough 
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Table  2.1:  Typical  dimensions  for  some  TO  cans 


Type 

Diameter,  in. 
<2R) 

pi 

Height,  in. 
h 

TO-18 

0.185 

.00775 

.0095 

.190 

TO-  5 

0.328 

.0115 

.0140 

.240 

TO-66 

0.495 

.018 

.0195 

.216 

TO-  3 

0.800 

.019 

.0205 

.185 

TO-36 

0.980 

.026 

.0255 

.071 

Table  2.2:  Typical  cap  and  lip  materials  and  elastic  parameters 


Material 

Young's  Modulus 

E  (psi) 

Poisson  Ratio 

V 

9 

wmm 

HMH» 

tm 

Kovar 

2  x  107 

0.23 

5  x  104 

— 

Nickel 

'<  x  107 

0.28 

2  x  104 

— 

Alusiinus 

1  x  107 

0.33 

2  x  104 

— 

Sealing  Glass 

1.5  x  107 

0.25 

— 

— 

Alunlna 
(Alsinag  771) 

4.3  x  107 

0.22 

— 

4.4  x  1C4 
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leads  fros  the  metal  of  the  header.  In  the  sculler  transistor  packages 
vhere  heat  transfer  Is  not  a  primary  consideration,  a  large  fraction  of 
the  header  naterial  nay  be  a  glass,  as  shown  by  one  of  the  examples  m 
Figure  2.3. 

The  TO  cans  are  used  for  hermetically  sealing  transistors  to  prevent 
the  contanination  by  water  vapor  and  other  caterials  which  can  interfere 
with  the  operation  or  lead  to  failure  of  the  transistor,  and  to  provide  a 
known,  stable  ambient  in  which  operating  paraneters  of  the  transistor 
can  be  specified  within  guaranteed  linits.  For  those  applications  where 
ohbient  conditions  do  not  require  such  complete  protection  for  the  transistor, 
the  device  may  be  covered  with  one  or  more  polymeric  plastic  aaterials. 
Typical  materials  are  silicone  compounds  or  epoxies.  The  physical  character¬ 
istics  of  these  materials  and  oethods  of  their  application  have  been 
discussed  by  Licari  [Ref.  131.  Some  typical  plastic  transistor  packages 
are  shown  in  Figure  2.4. 

Aside  from  hermeticity,  there  is  a  significant  difference  between 
the  TO  can  type  packages  and  the  plastic  type  packages.  The  TO  can 
packages  have  a  significant  fraction  of  the  enclosed  volume  as  a  void 
occupied  only  by  a  gas.  On  the  other  hand,  the  plastic  packages  allow 
intimate  contact  of  the  package  material  with  the  semiconductor  element. 

Thus,  when  a  pressure  is  applied  to  a  TO  can,  there  is  nothing  in  the 
interior  of  the  package  to  resist  the  pressure  and  the  forces  developed 
on  the  surface  of  the  can.  If  these  forces  arc  large  enough,  the  can  may 
deform  and  eventually  collapse.  On  the  other  hand,  a  pressure  exerted 
on  the  surface  of  an  epoxy  or  a  plastic  package  is  transmitted  through 
the  plastic  directly  to  the  chip.  This  pressure  say  be  in  addition  to  a 
pressure  which  already  exists  within  the  plastic  package  due  to  such 
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Figure  2.4:  Sonc  typical  plastic  packages  for  translators 


effects  as  the  differences  in  thermal  expansion  coefficient  between  the 
plastic  and  the  semiconductor  device  housed  within  the  plastic  and 
shrinkage  during  curing  operations.  Early  studies  [Refs.  14,  15|  have 
shewn  that  very  high  mechanical  strains  may  be  obtained  within  a  plastic 
package  due  to  the  shrinkage  of  the  plastic  following  its  application  at 
high  temperatures.  Figure  2.5  shows  a  plot  of  stress  versus  temperature 

for  a  plastic  package  [Ref.  14].  Sot*s  that  at  roca  temperature,  about  25°C, 

2 

slightly  under  4000  lbs/in  is  developed  by  the  epoxy  package  on  the  device 
which  is  contained  within  it. 

Integrated  circuit  packages  cose  in  many  varieties  also.  Figure  2.6 
shows  some  typical  examples.  Among  these  are  the  TO  can  types,  TO-99  and 
T0-1GQ,  which  are  very  sinilar  to  the  TO-5  packages  used  for  discrete 
transistors,  the  flat  packs  and  the  dual  in-line  packages.  The  dual  in¬ 
line  packages  are  cade  both  with  plastic  materials  and  with  ceramic 
materials.  As  in  the  case  of  the  discrete  transistors,  the  plastic  dual 
in-line  packages  allow  the  material  of  the  packages  to  come  in  intimate 
contact  with  a  semiconductor  device  chip.  In  the  case  of  the  TO  can  type 
package,  the  flat  pack  package  and  the  ceramic  package,  there  is  a  void 
inside  the  package  which  makes  It  susceptible  to  damage  by  sufficiently 
high  external  pressures.  For  the  plastic  package*  however,  forces  developed 
on  the  outside  of  the  package  are  transmitted  directly  through  the  plastic 
to  the  semiconductor  device  chip. 

As  was  the  case  with  seme  discrete  transistor  packages,  many  different 
materials  are  used  with  each  other  in  various  integrated  circuit  packages. 
Some  of  these  materials  combinations  have  been  discussed  by  Bower  in  a  review 
of  packaging  methods  [Ref.  16].  The  use  of  large  scale  integration  in 
circuits  requiring  much  larger  area  in  chips  has  led  to  an  Increasing  sisc 
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of  packages  for  rhese  lC’s«  Also  the  use  of  hybrid  circuit  techniques 
in  which  various  chips  of  va*  Uub  dl  ‘crent  {unctions  are  combined  and 
interconnected  in  one  pa  kae*.  has  led  to  larger  size  packages.  Figure  2.7 
shows  soce  typical  packages  *  uli  *r\  ;st*d  Tor  1  Si  and  hybrid  circuits. 

These  are  characterized  b\  r  l.trce  ar*  void?  within  the  package 

and  the  use  of  lids  vhii!*  r*»  re}att\«.l»  thin  t  -neared  to  the  dimensions 
of  the  void.  A  descriptive  »urv<?\  *  «  cericnrorary  LSI  packages  has 

been  given  by  f»crupskl  |K‘*  17 J. 

A  convenient  starting  .«oint  ii-  analyzing  the  effects  of  pressure  on 
seniccnductor  packages  vl.ith  untaln  voids  1?  to  use  a  simple  model  for 
the  lids  of  these  packages  nr  to  applv  standard  formulas  (see  Roark 
IRef.  121).  Figure  2.8  depie  s  the  structures  which  are  to  be  us**d.  In 
the  case  of  a  circular  disk  w  .ich  is  constrained  at  the  edges  (rigid 
side  walls*  the  maximum  stre  s  that  is  develop,  d  is  in  the  radial  direction 
at  the  maxinuta  radial  distant  •,  R,  with  the  upper  surface  in  tension  and 
the  lower  S'.rface  In  coanrcss  on.  This  maximum  stress  is  related  to  the 
diaenslons  .aid  pressure  as  fo'Jcws: 


<«  )  »  0.750 

r  oax 


(2 


In  the  case  of  the  rectongula-  cap  tuns?  rained  it  the  edges,  the  laxiaun 
stress  is  developed  at  the  c»  »ter  or  the  long  edges  and  Is  given  »>>: 


(2.2) 


The  factor  ,  In  Eouatlor  (2  *)  depends  upon  the  length  to  width  ratio  of 
the  rectangilar  surface,  i: d  i  table  of  the  values  of  S  as  a  function  of 
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Circular  Can: 


Pressure  P 


u  MH 


Tensile  stress 
►4.  Conprcssive  stress 


Rectangular  Cap: 


Figure  2.8:  Models  for  rfreuiar  and  rectangular 
rap  stress  .ir.ahsis 


this  length  to  width  ratio  is  given  in  Table  2.3.  Using  the  simple  formulas 
and  the  relation  between  depth  and  pressure  for  water  given  by  Equation  (2.3) 
below,  one  nay  obtain  a  rough  idea  of  the  naxinua  operating  depth  for 

Table  2.3:  Factor  B  as  a  function  of  rectangular 
cap  length  to  width  ratio  a/b  {Ref.  9] 


1.0 

1.2 

mm 

1.6 

1.8 

worn 

CO 

s 

0.3078 

0.3834 

0.4356 

i 

0.4680 

0.4872 

0.4974 

0.500 

various  dianeter  to  thickness  ratios  of  disk  type  package  tops,  and 
rectangular  top  package  types.  Assuning  that  the  maximum  allowable  stress 
is  the  yield  point  for  Che  natorial  being  used  for  the  tops,  values  arc 
calculated  for  typical  dinensions  and  are  shown  in  Table  2.4. 


h  -  2.25  P  (2.3) 

Although  the  sisple  analysis  indicates  the  main  factors  in  the 
determination  of  pressure  resistance  of  the  cop  areas  of  flat  packs  and 
of  TO  cans,  it  does  not  Include  all  of  the  factors  which  influence  the 
strength  of  these  members ,  and  a  more  thorough  theoretical  analysis  is 
required  to  offer  some  insight  into  how  the  packages  actually  respond 
under  conditions  of  external  pressure,  and  3lso  to  offer  an  insight  into 
how  packages  nay  be  modified  to  improve  the  package  resistance.  Such 
an  analysis  for  TO  cans  is  given  in  detail  in  Appendix  6.2.  The  results 
of  the  analysis  fot  TO  cans  are  given  in  Table  2.5. 
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Table  ?.4:  Maximum  cperatirg  depths  tor  circular  top  packages  and 
rectangular  top  packages  calculated  from  equations  (2.1)  and  (2.2). 
Material  assumed  as  shown. 


Circular  Top  Packages 


Type 

R 

t 

Material 

Maximum  Depth 
(ft) 

TO- 18 

.093 

.0095 

Kovar 

1560 

TO-  5 

.164 

.0140 

Kovar 

1090 

TO-66 

.250 

.0195 

Aluminum 

366 

TO-  3 

.400 

.0205 

Al umi nun 

158 

10-36 

.490 

.0250 

Aluminum 

162 

Rectangular  Top  Packages 

Type 

n 

a/b 

Material 

Maximum  Depth 
(ft) 

M 

.005 

M 

Kovar 

500 

M 

.005 

Kovar 

290 

3  3 

8*8 

.010 

Kovar 

405 

Table  2.5:  Comparison  of  maximum  operating  depths  for  some  common 
TO  can  types  with  flat  tops  and  with  hemispherical  tops. 


TO-Can 

Maximum  Operating  Depth  (ft) 

Tvpe 

Flat  Top 

Hemispherical  Toi 

TC-18 

843 

7700 

TO-  5 

550 

6500 

TO-66 

248 

2730 

TO-  3 

92,4 

1670 

TO- 36 

1  la 

iS70 
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Two  situations  were  oodeled.  In  one,  the  top  of  the  TO  can  was 
assused  perfectly  flat.  In  the  other,  the  top  of  the  can  was  assumed 
to  be  8  hemisphere  with  radius  equal  to  that  of  the  cylindrical  wall. 

The  smooth  transition  provides  far  less  stress  amplification  in  the 
package  material.  In  actual  cases  the  transitions  from  sides  to  top  are 
more  or  less  rounded,  giving  a  situation  intermediate  between  the  two 
extremes  considered. 

Deformation  of  the  upper  cap  past  the  yield  point  of  the  material  is 
not  desirable,  but  is  not  necessarily  catastrophic  in  its  effects  on 
device  operation,  since  the  cap  is  not  in  direct  contact  with  the  semi¬ 
conductor  device  chip  or  the  lead  wires  to  the  chip.  It  is  the  bottom 
cover  (header)  which  is  critical  in  these  respects.  Deformation  of  the 
header  nay  develop  stresses  in  the  silicon  chip  that  is  bonded  to  its 
surface,  stresses  which  exceed  the  fracture  strength  of  the  silicon.  This 
is  particularly  true  when  the  bonding  layer  between  the  chip  and  the  header 
is  capable  of  transmitting  the  strain  of  the  upper  surface  of  the  header 
to  the  lover  surface  of  the  chip.  Assuming  that  this  situation  occurs, 
ve  now  examine  the  conditions  under  which  the  fracture  strength  of  the 
silicon  chip  will  be  exceeded.  To  simplify  the  analysis,  the  chip  will 
be  assumed  to  have  a  circular  geometry  although  in  practice  it  is  either 
square  or  rectangular. 

Two  extremes  can  be  modeled,  as  shown  in  Figure  2.9.  In  case  1, 
the  circular  disc  header  is  supported  around  the  edges  by  the  cap,  but 
the  edges  are  free  to  flex.  In  case  2,  the  circular  disc  header  is  effec¬ 
tively  clamped  by  the  cap  at  the  edges  uhich  does  not  allow  any  edge 
motion.  Using  both  of  these  models,  an  analysis  is  made  in  detail  in 
Appendix  6.3.  Using  a  model  of  a  coined  type  (solid  metal  disc)  TO-5 
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V 


Ca-e  1:  edges  supported,  but  not  clasped. 


P 


Case  2:  edges  clasped . 


rigur'  2.9:  Header  under  pressure 


Kovar  header,  60  nils  thick,  with  a  10  mil  thick  silicon  chip  bonded  to  its 
surface  and  the  edges  supported,  but  not  clamped,  the  maximum  allowable 
stress  will  be  developed  in  the  silicon  at  a  pressure  of  5400  pel  (about 
12,000  foot  depth).  Using  a  model  of  a  header  with  edges  clamped  and  the 
same  material  and  dimensions,  the  maximum  allowable  stress  in  the  silicon 
is  reached  at  a  pressure  of  13,900  psi.  This  is  misleading,  however, 
since  the  maximum  allowable  stress  in  the  Kovar  will  have  been  reached 
at  about  8900  psi.  The  calculation  does  serve  to  emphasize  the  reduction 
in  deformation  of  the  center  afforded  by  clamping  the  edges.  Also  given 
in  Appendix  6.3  is  an  analysis  of  a  composite  header  of  Kovar  and  glass, 
a  combination  widely  usea  in  both  the  TO-18  and  TO-5  can  styles.  This 
analysis  indicates  that  for  a  typical  TO-5  header,  the  stress  developed  in 
a  10  rail  thick  silicon  chip  by  a  pressure  of  15,000  psi  (33,700  foot  depth) 
will  be  only  about  one-half  the  maximum  allowable  stress. 

Typical  flat  pack  construction  is  shown  in  Figure  2.10.  The  relatively 
thin  lids  used  with  these  packages  appear  to  be  the  most  pressure  sensitive 
parts.  These  may  be  made  of  either  metal  or  ceramic.  In  the  latter  case, 
fracture  is  the  most  likely  mode  of  failure.  An  anslysis  of  typical  flat 
pack  lids  is  given  in  Appendix  6.4.  Table  2.6  below  gives  the  result  of 
these  calculations  assuming  Kovar  (metal)  lids. 

Table  2.6:  Maximum  allowable  operating  pressures  and  depths 
for  some  commonly  used  flat  pack  styles 


mm 

a 

n 

Lid 

Material 

P  (psi) 
max  r 

Maximum 
Depth  (ft) 

1/4"  x  1/8" 

mm 

.107 

218 

490 

1/4"  x  1/4" 

.180 

.0035 

63 

142 

.005 

Kovar  j 

129 

290 

1/4"  x  3/8" 

.31' 

.200 

.010 

i 

Kovar  ! 

268 

604 

3/8"  x  3/8"  j 

.300 

s - i 

[  .300 

.010 

Kovar 

180 

405 
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Figure  2.10:  Flat  packs,  1/4  inch  x  1/8  inch  (Sealox) 
and  1/4  inch  *  1/4  inch  (Texas  Instruments) 
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Another  commonly  used  semiconductor  device  package  is  the  dual-in¬ 
line  package  (DIF).  Some  of  these  resemble  the  flat  pack  in  the  use  of 
a  relatively  thin  metal  lid,  as  shown  in  Figure  2.11.  Another  style  of 
DIP,  the  ceramic  DIP  is  typically  constructed  as  shown  io  Figure  2.12. 

The  material  is  usually  fairly  thick,  on  the  order  of  50  mils,  above  a 
fairly  small  cavity,  typically  100  to  150  mils  in  width.  Using  the 
structure  sketched  in  Figure  2.12,  and  assuming  that  the  material  is 
94  percent  Al^O^  with  a  flexural  strength  of  44,000  psi,  the  maximum 
allowable  pressure  is,  for  a  two  to  one  length  to  width  ratio,  using  formula 
(2.2)  and  Table  2.4, 


P 

max 


4.4  x  104  /0.044\2 

0.497  \0. 118/ 


12,300  psi  , 


or  an  equivalent  depth  of  27,500  feet.  As  in  the  case  of  the  flat  pack  lids, 
the  maximum  stress  at  this  pressure  is  developed  at  the  edge  of  the  cavity 
at  the  center  of  the  long  dimension. 

All  of  the  foregoing  calculations  have  been  made  on  idealized  models. 

They  provide  an  estimate  of  where  the  package  type  under  consideration 
will  be  subjected  to  stresses  in  some  part  of  the  structure  which  are 
above  the  elastic  limit,  leading  to  yielding — in  the  case  of  metals— or 
approaching  fracture — in  the  case  of  ceramics. 

2.3  Passive  Component  Packages 

Passive  components  (resistors,  capacitors,  inductors,  relays,  etc.) 
come  in  a  great  variety  of  package  types.  As  with  transistor  packages, 
the  presence  of  voids  causes  trouble  at  sufficiently  high  pressures.  Resistors 
and  capacitors  in  molded  plastic  or  vitreous  encapsulants  will  generally  be  , 
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Figure  2.11:  Typical  Dual-In-Line  packages  (DIP) 
made  for  “cecal  lids  to  cover  chip  cavities 


ablc  to  transmit  wJW  ditcttv  tv  the-  internal  materials  that 

=ake  up  the  element.  Stella.-  ,,p.,  to  potted.  oPon  franc  chokcs  or 

transforcers.  Sore  discrete  components.  however,  such  as  electrolytic 

capacitors  arc  housed  ir  relatively  this  wall  packages  which  contain  voids. 

and  are  therefore  ver*  ?•»  .  .  , 

“  ‘ r°  '*'  *'innv  under  pressure. 

2.3.1  Analyst** 

Appendix  thos  ar  analysis  of  the  effects  of  pressure  on  the 
cylindrical  package  Oteonly  u«cd  fo,  many  components.  As  with  TO  cans, 
the  regions  of  naxirun  stress  ter  a  git  or  pressure  are  at  the  edges  where 
curvature  abruptly  changes.  This  suggests  that  reinforcement  in  these 
regions  or  rounding  would  give  improved  r  cssure  resistance. 

A  typical  example ,  calculated  in  ArPtedix  6.5.  is  for  an  electrolytic 
capacitor  housing.  1-7/-  inches  long  ,  7/ .  inches  in  diameter  made  of  Al 

Will  develop  a  stress  ce«l  to  the  yield  tress  In  aluminum  at  an  equivalent 
depth  of  800  feet, 

2.3.2  Experiment 

Only  a  few  limited  experiments  on  passive  component  packages  were 
per f oi mod.  to  verifv  pw'ious  work  by  cthrr  investigators  [Ref.  4]  which  has 
provided  some  basis  for  assessing  the  pro!  lems  ir.  these  packages.  Although 
extensive  testing  was  dene  by  Anderson,  Ukwn  and  Ramey  [Ref.  4].  they  did 
not  analyte  or  comment  .a  the  data.  The  tnly  package  types  in  their  invesri- 
gation  which  correspond  to  the  prototype  package  analyses  given  in  Section 
2.3.1  were  cylindrical  htesinrr  f„r  electrolytic  and  solid  tantalum  capa¬ 
citors.  These  were  usu-Uv  fount.  t„  grossly  deform  and  often  they  had 
ruptured  end  seals.  Thte  confirms  the  errlvsis  of  Section  2.3.1  which 

fndicsccs  thst  tho  eroa?  t  ctrers  {«  •  > ..  _  .  . 

x  -i  sere  ns  t.  U.e  package  is  developed  at  the 

transition  free*  the  thin  refnl  ryHr.drV'i*  n£»  . _  ...  ..  .  ,  . 

y  i  cr.cn  r,\f,e  to  the  thick  end  supports. 


i 

1 
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2.3.5  Conclusions 


Both  cylinder  and  rectangular  box  type  metal  housings  are  very 
vulnerable  to  deformation  above  several  hundred  psl.  Wherever  possible 
these  should  be  replaced  by  conformal  encapsulants  (void-free)  or  filled 
with  an  inert  liquid  to  allow  pressure  compensation. 

2.4  Reinforcement  or  Redesign  for  Pressure  Resistance 

In  those  cases  where  devices  must  be  kept  from  contact  with  the  pressure 
transmission  fluid  and  the  existent  housings  are  inadequate  for  the  required 
operating  depth,  either  reinforcement  or  a  redesigned  package  oust  be  used. 
2.4.1  Analysis 

As  shnun  previously  in  Section  2.2.1,  for  flat  capped  TO- type 
cases,  the  largest  stresses  are  developed  at  the  periphery  of  the  top  where 
the  cylindrical  side  Joins  the  flat  top.  Rounding  of  this  shoulder  reduces 
the  stress  level.  A  ninioua  occurs  when  the  cylinder  makes  a  smooth  transi¬ 
tion  to  a  hemispherical  dome.  Similar  stress  level  reductions  could  be 
expected  for  gradual  transitions  on  rectangular  cross  section  packages. 

Another  reinforcement  method  is  to  increase  the  thickness  of  the  material 
used  for  the  cap.  For  the  curved  surfaces,  the  stress  is  Inversely  propor¬ 
tional  to  the  thickness.  For  flat  surfaces,  the  stress  in  inversely  pro¬ 
portional  to  the  square  of  the  thickness,  assuming  that  in  both  cases  the 
added  material  has  the  same  elastic  properties  as  the  original  material. 

When  the  added  material  has  different  elastic  properties,  a  more  detailed 
look  must  be  taken  at  the  relation  of  stress  to  applied  pressure  for  a  given 
composite  structure.  An  analysis  for  a  composite  disc  has  already  been 
performed  in  Appendix  6.3.  The  method  can  be  adapted  to  gain  some  Insight 
into  hew  thickening  the  top  of  a  can  with  an  additional  material  will 
Improve  pressure  resistance. 


The  model  ued  »s  a  circular  disc  o»  *vo  Uiffcmnw  materials  wJth 


Vc:ng*s  modulus 

Material^ 

•i 

.'iaterinl  2 

Tdsscn's  ratio 

i 

2 

Thi-  fcness 

*1 

l„ 

£ 

Clanoed  at  the  edges  and  subjected  to  a  pressure  ?  on  one  side.  The  force 
balance  condition  .  *■  -  0  ,  equation  (6.44)  yields  the  position  of  the 
neutral  axis  (zero  strain)  as  equation  (6.45),  repeated  below 

zfl  «  (At,2  -  bj2)/2(At2  i  lt)  (2.4) 

where 

A  «  £,(  -  ••I)/E1(l  -  .2)  . 


Notin)'  that  the  forcul.i  for  oaxinua  stres'i  at  the  edge  of  a  claoped  disc, 
given  by  Roark  (Ref.  10'.  pg.  217, 


1  <Vr 


(2.5) 


Is  incepcndent  of  oater'al  parameters  E  and  v,  the  bending  Docent  at  the 
edge  can  be  calculated  fry  assunlng  a  linerr  strain  variation 

c  *  nz  •  (2.6) 

Then,  lor  the  uniform  disc 


H 


}/2  (Ki t)~  z 


(2.7) 
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The  same  bending  eocene  occurs  for  the  composite  disc  of  the  same  total 
thickness  and  radius.  Therefore 


p2p  C  20  E  ar2  f  tl^z0  Eaz2 

‘a 


dz 


(2.8) 


2  ‘O'  ‘0 

This  equation  is  solved  to  obtain  the  slope  value  o 


3R2  3  3  -  -  — 1 

—  {E2f20  +  (t2  -  20>  ]  +  El[(tl  +  *0>  -  20  »  P*  <2-9> 


2.4.2  Experiment 

Experiments  were  conducted  to  find  a  material  that  would  strengthen 
the  housings  of  semiconductor  devices.  Several  waxes  were  tried  but  all 
failed  to  add  any  strength  to  the  housing.  Armstrong  A-12  epoxy  was  used 
to  coat  two  21)526  transistors.  The  devices  were  housed  in  TO-5  can3.  Due  to 
the  epoxy  having  a  tendency  to  run  off  the  side  of  the  can,  it  was  difficult 
to  obtain  a  uniform  coat.  The  coated  transistors  were  placed  in  the  pressure 
chamber  where  a  test  was  conducted.  One  of  the  housings  failed  at  1900  psi 
and  the  other  one  at  4000  psi.  Both  housings  were  ct  t  into  halves  to  check 
the  uniformity  of  the  epoxy  coating.  The  header  thickness  was  found  to  be 
about  the  same  as  the  sidewalls.  Failure  had  occurred  due  to  buckling  of 
this  thin  header  in  both  cases.  A  mold  was  fabricated  from  a  2"  x  6"  x  0.5" 
piece  of  plexiglass.  Three  holes  7/16"  deep  and  3/8"  deep  were  drilled  into 
the  plexiglass  and  the  cold  was  cut  down  the  center  of  the  three  holes  so  that 
the  coated  housings  could  be  removed.  These  dimensions  allowed  molding  of 
a  uniform  one-sixteenth  inch  coating  over  all  surfaces  of  the  TO-5  cans 
housing  the  devices  when  the  cans  were  properly  held  (by  the  leads)  in 


47 


the  mold  cavity.  The  sold  vas  placed  In  a  vise  and  all  three  holes  were 
poured  3/4  full  of  epoxy  and  by  use  of  a  mechanical  manipulator  and  a  three 
pin  socket,  three  2N526  transistors  were  placed  in  Armstrong  A-12  epoxy 
and  allowed  to  dry  overnight.  The  setup  for  the  molding  is  as  shown  in 
Figure  2.13.  After  drying  at  room  temperature  overnight  and  then  baking 
for  one  hour  at  9d°C,  the  transistors  were  placed  in  the  pressure  chamber 
and  pressurized  in  steps  of  500  psi.  Two  of  these  transistors  failed  at 
4500  psi,  the  third  at  6000  psi.  Previous  tests  had  shown  that  the 
unsupported  housings  failed  at  1500  psi.  Metal  thickness  was  12  to  14  mils, 
sides,  top  and  bottom.  Therefore,  the  coating  of  62  mils — a  factor  4.5  to 
5  increase  in  thickness — provided  a  factor  of  three  to  four  increase  in 
pressure  resistance.  The  calculated  factor,  based  on  the  simple  disc  model 
indicated  a  sixfold  increase. 


Figure  2.13:  Mold  and  Jig  for  potting  transistors 
for  pressure  reinforcement. 
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In  a  further  test,  six  GE  transistors  (2H526)  designated  213,  256, 

363,  234,  238  and  349  were  potted  using  the  setup  as  shown  in  Figure  2.13. 
The  213,  256  and  383  units  were  potted  with  Shell's  EPON(R)  ADHESIVE  956. 
The  mixture  was  100  parts  of  A  and  58  parts  of  B  (by  weight,  10  parts  A  and 
5.8  parts  B).  The  units  were  cured  overnight  at  room  temperature  and  then 
baked  at  90*C  for  one  hour.  CELAh'ESE  EPI-RES  510  and  EPI-CURE  841  were 
used  for  234,  238  and  349.  The  mixture  was  100  parts  of  510  and  22  parts 
of  841  (10  grams  -  510,  2.2  grass  -  84).  These  were  cured  in  the  same 
manner  as  the  three  previous  transistors.  The  six  translators  were  mounted 
on  a  circuit  board  and  placed  in  the  pressure  chambers  where  pressure  was 
increased  until  failure.  Figure  2.14  gives  the  results  of  the  test. 

The  method  of  failure  in  all  cases  was  a  collapse  of  the  metal  can 
on  the  top  side.  The  epoxy  on  the  top  adhered  strongly  during  the  failure, 
pulling  a  plug  from  top  part  of  Che  epoxy  shell,  indicating  a  shear  failure 
of  this  material. 


Figure  2.14.  Pressure  range  over  which  transistors  in  TO-5  cans  potted 
with  epoxy  resins  functioned.  Units  failed  in  next  500  psi 
increment  after  curved  line. 
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2.4.3  Conclusions 


The  use  of  reinforcement  for  some  transistor  packages  offers  a 
method  of  qualifying  some  devices  for  operation  to  moderate  depths.  The 
increase  in  package  strength  depends  upon  the  thickness  and  the  mechanical 
properties  of  the  reinforcing  material.  The  possibility  of  achieving 
a  four  to  five  fold  increase  in  strength  has  been  demonstrated  using 
epoxy.  Reinforcement  by  metallic  materials  could  drastically  Improve 
the  operating  depths. 

It  should  be  pointed  out  that  the  use  of  such  reinforcement  dras¬ 
tically  alters  the  heat  transfer  properties  of  the  package.  Only 
those  devices  which  are  limited  heat  dissipators  are  likely  to  be  alter¬ 
able  by  reinforcement. 

2.5  Composite  Material  Structures 

The  construction  of  semiconductor  devices  requires  the  use  of 
many  different  kinds  of  materials  such  as  single  crystal  silicon,  poly¬ 
crystal  metal  elements  and  alloys,  and  amorphous  glasses.  Added  to  this 
problem  is  one  of  "built-in"  strains  induced  during  fabrication  operations. 
In  general,  the  strain  of  these  materials,  measured  by  their  volume 
deformation  AV/V,  under  an  applied  hydrostatic  pressure  increment  AP  is 
different.  The  compressibility,  K,  of  a  material  is  defined  by 


*  V  dP 


(2.10) 


and  is  related  to  the  elastic  modulus,  E,  and  Poisson's  ration,  v,  by 
K  -  3(1  -  2v)/E  (2.11) 
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To  a  good  appr oxidation  in  the  range  of  pressures  to  1000  atnospheres  . 
(14,700  psi)  relation  (2.10)  ca:.  be  re-written  as 

~  -  KAP  .  (2.12) 

Consider  a  structure  composed  of  a  '’sandwich"  of  two  different  materials, 
material  1  characterized  by  K^,  H, ,  and  and  material  2  characterized 
by  K,,  Ej,  and  v^.  Such  a  structure  is  sketched  in  Figure  2.15.  -Let 
the  parameters  and  a_  represent  the  respective  linear  thermal  expansion 
coefficients  for  the  two  materials. 


Element  of  Area 


Figure  2.15.  Composite  material  structure. 

Suppose  that  the  two  materials  are  subjected  to  atmospheric  pressure, 
but  heated  from  temperature  to  T^.  If  the  two  materials  were  not 
joined,  an  element  of  area  dA  would  change  to 
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dA|  -  (1  +  VVV1  dA  =  u  +  2a1(T1-T0)]  dA 


dA^  »  [1  +  OjCTj-ty)  dA  =  [1  +  2a2(T1-TQ)]  dA 


where  terms  in  a  have  been  neglected.  The  expansion  ratio  is 


dA>  1  + 


A'  l+2o2(Tl-T0) 


When  the  two  materials  are  joined,  however,  and  it  is  assumed  that  the 
strains  at  the  interface  plane  are  equal,  stresses  are  sec  up  which  tend 
to  deform  che  structure.  A  conspicuous  example  is  the  bimetallic  strip. 

When  the  thickness  of  one  material  is  much  greater  than  the  ocher, 
however,  the  expansion  of  the  thicker  material  tends  to  dominate.  An 
example  is  the  growth  of  an  oxide  layer  (Sit>2)  on  silicon  at  about  1100”C, 
a  common  step  in  semiconductor  manufacture.  Typically  the  SiO 2  layer 
is  on  the  order  or  1  micrometer  thick,  whereas  the  Si  may  be  200  to  300 
times  as  thick.  Uhen  the  layer  is  cooled  back  to  room  temperature,  the 
larger  thermal  expansion  coefficient  of  the  silicon  results  in  a  much 
larger  contraction  for  the  Si  than  would  be  experienced  by  a  "free" 

Si02  layer.  However,  the  bonds  at  the  interface  transmit  the  larger 
strain  in  the  Si,  resulting  in  a  "built-in"  compressive  stress  in  the 
Si02.  Experimentally,  a  value  of  45,000  psi  has  been  measured  in 
Si02  films  grown  at  1200°C  [Ref.  18]. 

Suppose  that  the  structure  is  now  subjected  to  a  hydrostatic  pressure 
of  10C0  atmospheres.  The  bulk  compressibility  of  Si  and  Si02  are 


Kg^  «  1.05  X  iO  /atmosphere 


2.75  x  10  /atmosphere. 
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Analogous  to  the  situation  where  the  thick  SI  controlled  the  thin  SIO^ 
layer,  to  a  good  approximation  the  strain  in  x  and  y  direction  (c.f., 

Figure  2.15)  are  both  equal  to 

e  -  3  Ksip  •  (2a4) 

From  elasticity  theory  for  the  SiO^, 

6  '  3  KS102P  +  ¥  s  <*•«> 

where  s  is  the  stress  developed  in  the  SiO^  in  the  x-y  plane  due  to  the 
difference  in  compressibilities  for  the  Si  and  SiO,.  Substituting  the 
values  for  SiO^  for  K,  v  and  £  gives 

s  *  6950  psi  (tensile). 

Using  the  principle  of  stress  superposition,  and  assuming  a  "built-in” 
compressive  stress  of  45,000  psi  in  the  x-y  plane  due  to  the  thermal 
expansion  difference,  gives  a  net  stress  in  the  SiO^  layer'of  ~ 

s^  «  -14,700  psi 

s  -  =  -(45,000  +  14,700)  +  6950 

x  y 

or  s  *  **  -  52,750  psi  . 

x  y 

A  similar  analysis  can  be  applied  to  the  situation  where  a  relatively 
thin  silicon  chip  (about  10  oils)  is  bonded  to  a  relatively  thick  substrate 
or  header  (about  60  to  100  mils).  For  a  nickel  header,  »  4.85  x  10  "/atm. 
At  an  applied  hydrostatic  stress  of  1000  atm  the  difference  in  compressi¬ 
bility  between  the  Si  chip  and  the  Si  base  generates  a  tensile  stress 
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that  reduces  the  x-y  stress  components  in  the  Si  to  680  atm,  or  10,000  psi. 
For  a  ceramic  substrate,  0  *  4.04  x  10  ^/atm.  An  applied 

hydrostatic  stress  of  1000  atm,  the  difference  in  compressibility  between 
the  Si  chip  and  the  AljO^  base,  generates  a  tensile  stress  that  reduces 
the  x-y  stress  components  in  the  Si  to  635  ate,  or  9330  psi. 

In  the  case  of  metallic  conductors  embedded  in  glass  over  the  surface 
of  the  chip,  the  thickness  dimensions  are  comparable,  making  the  simpli¬ 
fying  assumptions  used  above  inapplicable.  Such  a  situation  is  shown 
schematically  in  Figure  2.16.  Since  sharp  corners  may  act  as  stress 
concentrators,  the  region  in  the  glass  around  the  relatively  sharp  corners 
of  the  A1  strip  may  be  considered  critical  points.  To  get  an  idea  of 
what  stress  levels  might  be  generated,  consider  the  model  sketched  in 
Figure  2.16.  The  region  of  glass  around  the  conductor  stripe  is  made 
symmetrical  in  the  model  to  facilitate  calculation. 

The  effect  of  a  hydrostatic  stress  on  the  model  composite  structure 
can  be  calculated  using  a  finite  element  model  (Ref.  19 J*  Taking  advan¬ 
tage  of  the  symmetry  only  one  quadrant  of  the  structure  needs  to  be 
considered.  This  is  sketched  in  Figure  2.17.  This  quadrant  is  sub¬ 
divided  into  95  square  elements  and  2  triangular  elements  using  119 
nodes*  The  boundary  conditions  are  that  for  nodes  1  through  7  the 
displacement  in  the  “l"  direction  is  2ero;  for  the  nodes  along  the  "1" 
axis,  displacement  in  the  ”2”  direction  is  zero;  and  along  the  upper 
and  right  side  boundaries,  a  distributed  force  is  applied  which  is 
equivalent  to  1000  atmospheres  of  pressure. 

The  problem  was  solved  assuming  a  plane  strain  situation  in  the 
direction  normal  to  the  plane  of  the  paper.  A  computer  program,  ELAS  75, 


54 


Figure  2.17  Finite  Element  Model 


contained  in  the  Program  Library  of  the  Triangle  Universities  Computation 
Center  (TUCC)  facility,  was  used.  The  TUCC  facility,  located  in  the 
Research  Triangle  Park,  N.C.  employs  an  IBM  360  Model  145  computer.  The 
ELAS  75  program,  in  H  level  Fortran  IV  language,  has  been  adapted  by 
personnel  in  the  Civil  Engineering  Department  of  Duke  University  from 
a  program  developed  at  the  Jet  Propulsion  Laboratory.  The  program  allows 
solution  of  one,  two  or  three  dimensional  elasticity  problems.  Input 
for  the  program  consists  of  the  Identification  of  nodes  and  their 
coordinates.  Identification  of  elements,  specification  of  boundary 
conditions  and  material  elastic  properties. 

Using  the  model  of  Figure  2.17,  several  different  situations  were 
examined.  These  are  tabulated  in  Table  2.7  along  with  the  stress  at 
nodes  located  in  both  the  glass  and  the  metal  at  or  near  the  corner. 

The  inclusion  of  a  situation  where  the  interior  material  provided  no 
support  ("sponge")  was  for  the  purpose  of  checking  the  reasonableness 
of  the  answers.  Molybdenum  was  chosen  because  it  is  sometimes  used 
(with  a  gold  overlay)  in  making  connector  patterns.  Also,  it  represents 
a  harder  material,  having  a  modulus  of  elasticity  4.7  times  that  of 
aluminum.  The  "sponge"  material  was  a  fictitious  material  with  an 
elastic  modulus  10  orders  of  magnitude  smaller  than  that  of  glass. 

An  examination  of  the  data  of  Table  2.7  reveals  that  aluminum, 
which  has  an  elastic  modulus  just  slightly  larger  than  that  of  SiO^, 
will  develop  slightly  higher  stress  levels  near  the  corner  than  those 
in  the  glass.  The  maximum  stress  is  about  28  percent  higher  than  the 
applied  hydrostatic  stress.  Use  of  a  harder  material,  molybdenum, 
again  results  in  higher  stress  levels  in  the  metal  than  in  the  glass, 
with  a  maximum  of  2.13  times  the  applied  hydrostatic  stress.  When  the 
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Interior  material  yields  readily,  the  stress  amplification  In  the  glass 
Is  enormous,  becoming  in  one  place  over  20  times  as  large  as  the  applied 
hydrostatic  stress. 

Free  the  calculations,  it  can  be  concluded  that  the  stresses  devel¬ 
oped  in  composite  glass/metal  connector  structures  used  In  multilayer 
Integrated  circuits  will  not  present  any  major  problems.  As  with  other 
uses  looked  at  so  far,  this  assumes  that  there  are  no  voids  in  the 
structure  and  neglects  temperature  effects  during  fabrication.  The 
data  of  Table  2.7  shew  that  a  void  beneath  a  glass  layer  esn  lead  to 
considerable  stress  amplification  In  the  glass. 

Another  composite  material  structure  of  practical  Interest  is  that 
of  plastic  encapsulated  devices.  The  usual  construction  is  to  bond  the 
device  silicon  chip  to  a  metal  substrate,  which  is  one  of.  the  package 
connection  leads  in  discrete  device  construction,  or  is  s  tab  on  the  lead 
frame  used  with  integrated  circuit  structures.  These  two  cases  sre  sketched 
in  Figure  2.18.  Following  the  chip  bond  and  lead  wire  bonding  from  chip 
to  lead  f rare ,  the  easembly  is  covered  with  plsstlc,  typically  by  a  molding 
operation  [Ref.  13].  In  this  operation,  pressures  as  high  as  1000  psi 
and  temperatures  S3  high  as  350°F  may  be  used  [Ref.  13) •  With  epexy, 
pressures  as  high  as  3000  to  5000  psi  may  be  experienced  by  the  internals 
of  the  package  due  to  shrinkage  with  cooling  [Ref.  14).  Silicone  resins 
probably  exert  less  residual  pressure  due  to  their  ouch  lower  thermal 
expansion  coefficients  [Ref.  20].  When  a  hydrostatic  pressure  is  added 
to  the  existing  "built-in"  stress  due  to  molding,  the  question  arises 
as  to  whether  or  not  catastrophic  or  long  term  failure  mechanisms  can 
be  initiated,  and  if  so,  at  what  level  of  applied  pressure. 
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Table  2.7.  Stresses  developed  in  a  composite  structure 
under  a  hydrostatic  stress  of  1000  atmospheres. 

(For  node  locations,  refer  to  Figure  2.17) 


Material 

Material 

Node 

Sjl  (ata) 

S2  (ata) 

1 

2 

Number 

(ccnpressive) 

(compressive) 

Glass 

80 

865 

1045 

(Si02) 

87 

963 

939 

Aiuninua 

86 

1083 

830 

80 

1200 

1083 

87 

1277 

1240 

86 

1130 

1160 

Glass 

80 

1100 

(sio2) 

87 

922 

Molybdenum 

86 

I 

500 

80 

1780 

1230 

8/ 

2130 

I860 

86 

1384 

1393 

Glass 

80 

8200 

1915 

(Si02) 

87 

9870 

15700 

86 

1635 

20300 

Sponge 

80 

-0 

~0 

87 

~0 

~0 

86 

~0 

.  r°  .. 

Collector  le«c  and  substrate 


Plastic  encapsulant 


Figure  2.18A  Typical  Discrete  Device  Plastic  Package 
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Figure  2.18B  Typical  Integrated  Circuit  Plastic  Package  fRef.  13] 


60 


Although  there  is  a  large  amount  of  information  on  many  of  the  physical 
properties  of  various  plastics  [Ref.  20},  data  on  bulk  modulus  is  not 
Included,  It  may  be  estimated  from  the  theoretical  relation  betvecn  the 
elastic  modulus,  E,  Poisson's  ration,  v,  and  bulk  modulus,  E  (Ref.  11] 

B  -  1/K  -  E/3U  -  2v).  (2.16) 

However,  data  on  v  is  also  lacking,  and  values  of  elastic  modulus  depend 
upon  che  type  of  plastic,  type  of  filler  used  and  the  degree  of  filling. 

In  addition,  for  some  of  the  materials  used  the  elastic  modulus  values 
are  not  available. 

Even  the  compressive  strength,  which  is  available  for  cost  encapsu¬ 
lating  plastics,  is  of  doubtful  value  as  a  measure  of  the  deformation  under 
pressure.  This  is  because  the  method  of  measurement  applies  a  uniaxial 
stress  rather  than  a  hydrostatic  stress. 

The  lack  of  data  reduces  any  analysis  to  a  qualitative  rather  than  a 
quantitative  basis.  If  the  plastic  material  compresses  more  appreciably 
than  the  silicon  chip  and  Che  metal  lead  frame  material,  shear  stresses 
may  be  set  up  at  the  interfaces  between  different  materials.  If  the 
plastic  tends  to  adhere  strongly  to  lead  wires  or  the  chip  metallization, 
the  shrinkage  under  pressure  cay  be  sufficient  to  pull  off  lead  wires  or 
metallization. 

Another  type  of  failure,  which  has  been  found  to  be  fairly  common 
(Ref.  6},  especially  lr.  large  area  chips  such  as  those  used  in  power 
transistors  and  silicon-controlled  rectifiers,  is  the  cracking  of  the 
chip  due  to  voids  in  the  chip-to-substrate  bond.  A  critical  void  size 
can  be  estimated  by  assuming  that  the  void  is  circular,  of  diameter  2a, 
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and  chat  the  silicon  chip,  of  thickness  c,  is  constrained  by  bonding  at 
the  edges  of  the  void  so  that  effectively  these  edges  are  clasped. 

Formula  (2.1)  can  then  be  applied  and  manipulated  to  the  form 

a  *  t  .  (2.17, 

Let  denote  the  critical  void  radius  for  a  given  chip  thickness,  t, 
subjected  to  a  maximum  pressure  of 

p  -  14,700  psi  -  1000  atm. 
rmax  r 

Since  the  maximum  allowable  stress  in  silicon  is 

9  2  3 

s  «  3  x  10  dyne  fan  ■  2.96  x  10  eto, 
oax 

the  critical  radius  is  related  to  the  chip  thickness  by 

a  -  1.99t  . 
c 

A  chip  thickness  of  10  mils  requires  a  40  nil  diameter  void  beneath  it 
to  develop  the  maximum  allowable  stress  at  1000  atmospheres.  This  is 
larger  chan  most  small  signal  transistors,  but  power  transistors  may  be 
as  large  as  150  to  250  mils  square,  and  it  is  possible  that  large  voids 
may  be  developed  under  such  a  large  chip  due  to  poor  quality  control 

of  the  bonding  step  of  the  process. 

* 

In  addition,  the  scribe-and-break  process  used  to  separate  chips 
processed  simultaneously  on  a  silicon  wafer  can  produce  mechanical  damage 
along  the  periphery.  Cracks  are  common  and  accepted  in  the  HIL-STO-883, 
Method  2010,  Internal  Visual  (Precap)  Inspection,  specification  if  they 
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meet  certain  criteria.  Figure  2.19  is  a  reproduction  of  Figure  2010-5 
from  Method  2010.  Note  chat  if  a  crack  does  not  point  toward  an  active 
area,  it  can  be  longer  than  1  oil.  Since  a  crack  can  act  as  a  stress 
concentrator,  it  is  possible  that  an  "acceptable"  crack  in  conjunction 
with  a  void  can  propagate  further  into  the  chip  under  pressure.  Further, 
it  is  possible  for  cracks  to  occur  in  a  chip  within  active  areas  and  not 
be  detectable  by  conventional  microscopic  techniques,  or  the  usual 
screening  procedures  of  MIL-STD-883.  Ordinarily,  these  hidden  flaws 
would  not  be  harmful.  Under  applied  pressure,  however,  there  may  be  a 
conjunction  of  one  or  more  of  these  flaws  and  a  bond  void  which  can  lead 
to  crack  propagation  and  failure  of  the  device.  Therefore,  specifying 
a  minimum  void  size— assuming  that  such  specification  can  be  carried 
out  by  an  inspection  nechod — may  not  necessarily  assure  that  no  crack 
propagation  will  occur.  This  point  needs  further  study. 


Accept-does  not 
Point  Toward 
Active  Circuit  or 
Metallization  _ 


Reject-Points 

Toward 

Metallization 

Reject-Foiats 
Toward  Active 
Circuit 


Figure  2.19.  Criteria  of  acceptance  or  rejection  due  to 
peripheral  cracks  in  a  device  chip 
(Method  2010,  HIL-STD-883,  1  May  1968J 
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2.6  Summary 

Some  simplified  approaches  have  been  presented  for  the  analysis  of 
the  effects  of  pressure  on  various  types  of  component  housings  used  for 
transistors,  integrated  circuits  and  passive  components.  These  analyses 
enable  some  rough  prediction  of  the  maximum  usable  depth  for  these  packages. 
In  addition,  they  provide  a  basis  for  extending  the  analysis  to  types  of 
packages  which  have  not  been  explicitly  treated.  In  addition,  possible 
methods  have  been  discussed  for  package  modification  and  reinforcement 
to  improve  pressure  resistance. 

A  mathematical  analysis  for  several  composite  material  structures 
indicates  that  no  serious  problems  are  expected  in  discrete  or  Integrated 
circuit  structures  operated  up  to  1000  atmospheres  due  to  differences 
in  material  compressibility  parameters. 

In  the  discussion  of  plastic  packages  which  can  transmit  pressure 
directly  to  the  chip,  it  is  pointed  out  that  the  existence  of  voids 
in  the  chip- to-subs crate  bond  may  lead  to  cracking  of  the  chip  if 
a  certain  size  void  is  exceeded  at  a  given  pressure.  More- importantly, 
it  is  pointed  out  chat  cracks  presently  allowed  in  chip  inspection  methods 
may  be  propagated  under  pressure.  A  similar  conclusion  is  reached  for 
flaws  which  may  escape  the  usual  precap  visual  inspection.  Such  problems 
will  obtain  also  far  chips  in  direct  contact  with  the  pressure  transmitting 
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fluid. 


3.0  INFLUENCE  OF  FLUID/PRESSURE  ENVIRONMENT  ON  EXPOSED  DEVICE  ELEMENTS 
3.1  Introduction 

In  most  cases  it  is  not  desirable  to  modify  a  component  package 
sufficiently  to  achieve  the  desired  pressure  resistance.  This  nay  be  due 
to  economic  factors  or  to  operational  factors  such  as  heat  transfer  limi¬ 
tation.  An  alternative  is  to  open  the  package  to  allow  free-flooding  by 
a  pressure  transmitting  dielectric  fluid.  This  introduces  two  environ¬ 
mental  problems  which  must  be  considered.  First,  there  is  the  effect  of 
pressure  on  the  operation  of  the  device.  In  order  to  predict  what  might 
occur,  an  understanding  of  the  effects  of  stress  and  deformation  on  the 
component  materials  must  be  developed.  Second,  there  is  the  effect  of 
ionic  contamination  on  the  operation  of  the  device.  The  possibility 
of  such  contamination  cannot  be  overlooked.  The  seriousness  of  the 
problem  of  ionic  contamination  of  semiconductor  devices  Is  well  docu¬ 
mented.  It  has  led  to  cany  improvements  in  methods  of  passivation  in 
recent  years.  In  order  to  predict  what  levels  of  ionic  contamination 
will  hamper  device  operation,  an  understanding  of  the  effects  of  such 
contamination  must  be  developed.  This  chapter  deals  with  these  two  problem 
areas  for  devices  exposed  to  a  fluid/pressure  environment. 

The  effects  of  pressure  cn  semiconductor  devices  can  be  analyzed 
by  considering  the  effects  of  pressure  on  bulk  material  of  one  conduc¬ 
tivity  type  (either  p  or  n)  and  the  effects  of  pressure  on  p-n  junctions, 
since  these  are  the  basic  building  blocks  of  present  day  semiconductor 
devices  from  diodes  to  integrated  circuits.  Fortunately,  a  great  deal 
of  prior  work  has  been  done  on  bulk  and  p-n  junction  effects  which  estab¬ 
lishes  a  basis  for  understanding  how  pressure  can  affect  these  devices. 
Another  circuit  fabrication  element,  the  cetal-insulator-seciccnductor 
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(MIS)  or  seaiconductor-insuJator-semiconductor  (S  .S)  structure  has  not 
been  studied,  so  predictions  in  this  area  cannot  be  cads  at  present. 

3.1.1  Analysis  of  Pressure  Effects  on  Semiconductor  Devices 

Assume  the  existence  of  a  stress  system,  specified  in  terms  of  normal 
stresses  S^,  S2  and  Sj  and  shear  stresses  S^,  Sj  and  S&  with  reference  to 
the  cubic  cell  axes  for  the  diamond  type  semiconductors  silicon  and 
germanium.  The  notation  used  is  discussed  in  Appendix  6.1.  The  effects 
of  these  stresses  on  the  resistivity  of  t'ne  semiconductor  materiel  can  be 
specified  by  the  piezoresistance  coefficients  and  [Ref.  21, 

pp.  38-46).  The  usual  Ohm's  lav  relation  between  electric  field  strength 
F  and  current  density  J,  expressed  in  component  form  as 


F1 '  Vi 

f2  “  Va 

F3  "  C0J3 


(3.1) 


where  p ^  is  the  zero  stress  resistivity  of  the  crystal,  is  modified  to 


Fl/p0  "  Jl11  +  *11S1  +  *12<S2  +  S3» 


+  J2*44S5  +  J3*44S5 


F2/p0  -  Jl*44®6  +  "V1  +  *11S2  +  *12^S1  +  S3^  <3'2> 


+  iS, 

3  44  4 


Ve0  ■  V*4S5  +  J2*44S4 


+  Jj[2  +  x11S3  +  x12(S1  +  S2)) . 
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In  the  ease  of  unifora  hydrostatic  stress  S,  -  S2  »  «  P  and  S4  «  Sj  -  »  0. 

The  equations  (3.2)  reduce  to 

Vp0  '  V1  +  "pP) 

f2/pq  -  J2(i  +  SpP) 

Vp0  ■  “V1  +  V> 

where 

7T  *3  TT  -f 

p  11  12 

Is  the  "pressure  coefficient. 11  Under  hydrostatic  pressure  *pP  gives  the 
fractional  increase  in  resistivity  of  the  aaterlal. 

Values  of  r^,  and  sp  depend  upon  conductivity  type.  Table  3.1 

gives  values  deternined  experimentally  by  Soith  (Ref.  22).  The  effect  of 
doping  level  on  the  value  of  the  coefficients  is  shown  in  Figure  3.1  which 
gives  a  plot  of  the  b  coefficients  versus  resistivity  for  boron  doped 

(p-type)  silicon,  taken  froa  TRef.  23).  The  values  are  in  units  of  10  ^ 

2  —8 
ca  /dyne,  which  is  equivalent  to  6.9  *  10  (psi) 

Tufte  and  Stelzer  fRef.  24]  have  measured  the  piezoresist ive  properties 

of  diffused  layers  in  silicon  at  surface  concentrations  ranging  froa  moderately 

18  3  21  3 

doped  aaterlal  to  very  heavily  doped  aaterlal  (10  per  cm  to  10  per  cm 

ispurity  concentration  at  the  surface).  They  found  that  in  p-type  silicon 

—8  —1 

the  pressure  coefficient  was  positive  and  was  approximately  6.9  *  10  (psi) 

—8  —1 

to  13.8  x  10  (psi)  over  the  range  of  surface  concentrations  investigated. 

—8  —I 

Sinilarly  the  value  of  sp  for  n  type  Si  was  around  13.8  *  10  (psi)  over 

the  range  investigated.  This  behavior  is  consistent  with  the  data  of 


(3.3) 


(3.4) 
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Table  3.1.  Value  of  300'K  Piezoreslsclve  Coefficients  • 


—8 

(Units  10  per  psi)  for  Gernaniun  and  Silicon  Samples 
of  Various  Resistivities.  [Ref.  22] 


Type,  Material, 
Resistivity  (oha-cta) 

’ll 

*12 

i 

n  ! 

P 

n  Ge  5.7 

-18.1 

-26.9 

-944 

-  60.7  i 

n  Ge  9.9 

-32.4 

-34.5 

-950 

-  89.7 

n  Ge  16.6 

-35.9 

-37.9 

-956 

-123.5 

p  Ge  1.1 

-25.5 

+22.1 

+667 

+  35. P 

P  Ge  15.0 

+34.5 

+680 

+  13.1 

n  Si  11.7 

-706 

+369 

-93.7 

+  39.4 

p  Si  7.8 

+45.5 

m 

+953 

+  41.4 

Figure  3.1  which  shows  that  as  resistivity  decreases  (higher  doping  lev" 
the  magnitudes  of  and  both  decrease.  Since  they  are  of  opposite 
signs,  the  sua  (r^  +  decreases  only  slowly  with  decreasing  resist 

In  view  of  this  data  ar.d  equations  (3.3)  the  following  conclusions 
can  be  cade.  For  silicon  under  hydrostatic  pressure  at  15,000  psi,  the 
fractional  change  in  resistivity  will  range  from  about 

T2-  “  1.5  *  10A  *  13.8  x  10"S  -  0.2X 
°0 

for  heavily  do^ed  silicon  to  about 


X2  -  1.5  x  10*  x  40  x  10"8 
P0 


0.62 
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Figure  3.1-  Variation  of  the  piezoresistance  coefficients 
as  a  function  of  resistivity  for  boron  doped 
p-type  Si  at  80*F  (Ref.  23] . 

for  lightly  doped  silicon.  For  lightly  doped  gerc-anlua  the  resistivity 
will  decrease  by  1  to  2Z  at  15,000  psi. 

When  case  distortion  or  the  presence  of  voids  .reates  a  stress  situation 
in  (he  aeaiconduoccr  device  which  introduces  non-hydrostatic  stress,  particu¬ 
larly  shea*  stress,  *rd  at  the  sa^e  tice  amplifies  the  stress  level, 
considerably  iirger  changes  can  be  exnecceu  in  resistivity,  as  can  be  seeu 
by  comparing  ,.ie  shear  stress  coefficients  with  the  hydrostatic  pressure 
coefficient  in  Table  3.1.  As  long  as  stress  can  be  kept  hydrostatic. 
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however,  resistivity  changes  will  regain  negligible  up  to  15,000  psi 
(greater  than  30,000  foot  depth). 

The  effect  of  stress  on  p-n  junction  characteristics  has  been  examined 
experimentally  and  theoretically  by  Ucrtaan  and  his  co-workers  %Aexn.  13, 
26,  27].  T^e  junction  current  is  given  by  the  usual  Shockley  relation 

I  -  Is[exp(qV/kT)  -  1).  (3.5) 


However,  the  usual  saturation  current  expression  is  nodified  to  the  fora 

*S  -  V  *<£n>  +  ^0  (3-6) 


where  1^^  and  are  to  zero  stress  saturation  current  cosponenr*.  Thr 
factor  Y (t'i  depends  upon  the  type  of  stress  (uniaxial  or  hydrostatic)  and 
the  aaterirl.  For  gcrcaniua,  hydrostatic  pressure  increases  the  energy 
band  gap  between  the  (111)  conduction  band  nir.ina  and  the  va lens'  band, 
leading  to  a  decrease  in  the  oinority  carrier  density  with  increasing 
pressure.  Silicon,  however,  has  a  different  conduction  band  synretrv  and 
hydrostatic  pressure  decreases  the  energy  band  gap,  leading  to  ;r  increase 
in  ninority  carrier  density  with  increasing  pressure.  The  values  for 
Y<£)  for  geraanjua  and  silicon  are  shewn  in  Figures  3.2  and  3.3  t esnectively. 

For  ptrpcses  o f  illustration  of  the  use  ol  equacicn  (3.5)  .ad  tie  data 
in  Figures  3.2  and  3.3  we  assists  that  a  p-n  junction,  is  fabrics!  ion  in  a 
(ill)  orientea  wafer.  For  a  given  stress  level,  the  largest  effect  occurs 
for  a  uoifera  stress  covering  the  total  area  of  the  junction.  *cr  a 
uniaxial  (111J  sirens  of  IS, COO  psi  applied  to  a  geraanius  p-n  jmcttoc  will 
result  in  about  202  increase  in  the  saturation  current  value.  Ir  contrast, 
a  hydrostatic  pressure  of  the  sace  level  will  give  a  negligible  change  in 
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Hydrostatic 


7<1> 


saturation  current.  For  silicon  [111.  s'rsss  will  give  about  251  increase 
in  saturation  current,  with  a  negligible  change  for  hydrostatic  stress. 

To  summarize,  both  piezoresistance  and  p-n  junction  effects  of  planar 
silicon  and  germanium  device  structures  under  hydrostatic  pressure  are 
negligible  to  at  least  15,000  psi.  It  oust  be  emphasized  that  these 
effects  are  negligible  for  hydrostatic  stresses.  For  uniaxial  stresses, 
such  larger  changes  in  device  parameters  will  occur.  These  could  in  cany 
cases  lead  to  device  failure  in  the  sense  that  the  device  no  longer 
functions  in  the  aanner  envisioned  by  the  designer.  Such  a  failure 
nechaniso  is  in  many  ways  core  deleterious  than  outright  catastrophic 
failure  because  it  may  lead  to  operational  nalfunctions  that  are  difficult 
to  pin  down. 

3.1.2  Expericental 

The  theoretical  analysis  presented  in  Section  3.1.1  indicated 
that  hydrostatic  pressure  to  1,000  atmospheres  (15,000  psi)  should  have 
no  effect  on  the  operational  characteristics  of  planar  passivated  silicon 
devices  or  germanium  devices.  Pressure  insensitivity  was  confirmed 
experimentally  by  opening  TO  cans  to  expose  device  chips  directly  to  10  cs 
DC200*  silicone  oil  pressured  up  to  15,000  psi.  Both  discrete  (single 
transistor)  and  integrated  circuit  devices  were  tested. 

Germanium  alloy  devices,  not  protected  by  a  passivating  oxide  or 
nitride  layer  as  were  the  silicon  devices,  were  found  to  be  susceptible 
to  sol3ture  in  the  ambient  air  and  to  change  characteristics  when  immersed 
in  DC200.  Pressure  had  no  effect  on  most  germanium  devices  tested,  but 
there  was  a  visible  crack  in  the  Ge  chip  of  one  Cc  alloy  power  transistor 
structure.  Another  was  sensitive  to  mechanical  probing,  indicating  a 
* 

A  Dow  Coming  product 
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sinilar  probien.  This  was  due  nose  likely  to  differences  in  conpressi- 
bility  of  the  nacerials  used  in  these  structures.  Figure  3.4  shews  a 
sketch  of  a  typical  gercaniua  alloy  structure  3nd  indicates  the  different 
naterials  used  in  the  structure. 

Silicon  planar  passivated  devices  were  not  affected  by  exposure  to 
laboratory  atccspherc.  In  addition  to  devices  in  de~capped  TO-cans  soae  IC 
devices  housed  in  plastic  and  ceraaic  DIP  packages  were  pressure  tested. 
Several  devices  were  tested  at  the  sane  tine  by  counting  then  on  a  stepping 
switch  in  the  chamber,  as  shown  in  Figure  3.5.  The  devices  tested  were: 

1.  Gersanlua  alloy  PXP  power  transistors,  types  2X1412 
and  2X1553; 

2.  Geraaniua  alloy  PXP  snail  signal  transistors,  type  2X526; 

3.  Silicon  planar  power  transistors,  types  2N3740  and  2X4232; 

4.  Silicon  planar  bipolar  snail  signal  transistors,  types 
2X2907A  (PSP,  switch  and  aapiifier)  and  2N2222A  (XPS, 
switch  and  amplifier); 

5.  Silicon  planar  MOSFET's,  types  2X3976  (N-channel,  audio 
frequency  anpllfier)  and  Ml 63  (P-channcl,  snail  signal 
aco) ; 

6.  IC  operational  amplifiers,  type  741  with  internal  frequency 
conpcnsation,  and  type  777  with  external  coapensation  (both 
in  TO  cans  and  ceramic  DI;*  packages); 

7.  !C  digital  circuits,  tvpo  r.'.M'W  (TTL)  dual  J-K  flip-flops 
In  plastic  DIP. 

The  reason  for  choosing  th**se  tvpes  to  test  are  as  follows: 

1.  Geraaniua  alloy  power  t  ran**  is  tors  2X1412  and  2X1553  are  high 
power  devices,  150  watt  and  100  vat t  dissipation  at  25*C  case 
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Figure  3.5  Method  of  Bouncing  devices  on  stepping 
•njitch  for  pressure  test. 
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temperature,  resneotlv-  ••  ty->ira!  of  output  transistors 
used  in  power  amplifier  Vs :  vn , 

2.  Germanium  alloy  transistors  2S526  are  medium  -over  acplifier 
and  low  frequency  suit cl  devices  which  have  been  standardly 
used  In  nany  designs.  These  ure  available  as  a  MII.-SPEC  JA.V 
type,  although  the  uni ii  tisted  were  not  .IAN  type.  These  ari 
representative  of  low  power  Ge  a'lov  devices. 

3.  Silicon  planar  power  transistors  2X3740  (PS?)  and  ZN4232  (KPS) 
are  medium  power  devices,  25  watts  and  35  watts  at  25“C  case 
temperature,  respective! ’.  representative  of  passivated  planar 
silicon  power  transistor^  used  in  nower  amplifier  design. 

4.  Silicon  olanar  bipolar  transistors  types  2X2907A  (PSP,  switch 
and  soar l  signal  amplifier)  were  chosen  as  representative  of 
passivat’d,  planar,  bipolar  silicon  transistors  used  in  discrete 
component  circuit  design  o’  switching  or  snail  signal  amplifiers. 

5.  Type  2N3976,  N  channel  small  signal  snpiifier,  was  chosen 
as  representative  of  siliion  dioxide  passivated,  planar 
MOS  flel!  effect  transistors. 

6.  Type  74|  is  a  high  perfomnee  operational  amplifier  with 
Internal  frequency  compensation  which  is  widely  used  in 
circuit  lesign,  both  for  nalog  operations  and  general 
feedback  applications  such  as  signal  amplification  and 
active  •'•iters.  Tvpe  777  equires  external  frequency 
compensv  ion  but  is  representat  ive  of  "secon-l  generation*’ 
monolith  <  operational  amplifiers  due  to  its  low  or: set 
and  bias  currents  and  voir  ,ges  -nd  low  noise  Design 


features  such  as  latch-up  protection  and  ahort-cireult 
protection  sake  the  device  widely  useful. 

7.  Type  SH7473M  is  a  dual  J-K  flip  flop  TIL  (tronaistor- 
transistor-logic)  device.  It  has  been  routinely  used  in 
circuit  design  for  logic  and  digital  signal  processing 
for  several  years.  The  circuit  configuration  Bakes  it 
typical  of  a  large  nustber  of  TTL  devices  which  have  been 
widely  used. 

For  the  bipolar  devices,  categories  1  through  4  above,  the  collector 
characteristics  were  observed  prior  to  breaking  the  hermetic  seal,  in 
laboratory  air  after  opening  and  during  irsaersed  operation  in  the  pressure 
ch saber.  For  the  fCSFET's  the  drain  characteristics  or  the  transfer 
characteristics  (ID  vs  V^)  were  sonlcored  prior  to  breaking  the  hemetic 
seal,  in  laboratory  air  after  opening  and  during  inaersed  operation  in  the 
pressure  cheater.  The  offset  voltage  of  the  operational  amplifier, 
detexalnad  by  connecting  the  device  in  a  unity  gain  (1001  negative  feedback 
aode)  was  eonitored  for  the  three  different  conditions.-  It-waa  noted  that 
the  offset  volfsge  of  the  type  741  devices  changed  with  a  changing 
anbient  light  l*vel.  This  was  no  probleo  in  the  totally  enclosed 
pressure  charier.  This  affect  vai  not  noted  with  the  type  777  devices 
but  is  cosoon  to  oany  device  tests  and  oust  be  guarded  against.  In 
addition  to  offset  voltage  the  pulse  response  and  the  nctse  voltage  in 
a  unity  gain  aoco  were  scnltored  over  the  range  scsospberlc  to  15,000  psl 
pressure  for  the  type  777  devices.  These  had  a  33  pf  csrsale  feedback 
capacitor  for  frequency  conpensation,  giving  a  ncainal  bandwidth  of  1  KBx 
for  the  unity  gain  oede  of  operation.  An  HP  Model  400H  rss  VTVM  was  used 
to  wmitor  the  noise  voltage  ana  has  a  noslnal  bandwidth  of  10  Hr  to  4H3r. 
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A  schematic  diagram  for  the  circuits  used  for  op-amp  testing  is  shewn  in 
Figure  3.6.  Figure  3.7  shows  a  typical  pulse  response  whicl  was  tie  sec:e 
at  atmospheric  pressure  up  to  15,000  psi. 

The  type  SN7473N  plastic  DIP  J-K  flip-flop  was  chosen  as  a  represen¬ 
tative  TTL  structure  of  widespread  utility.  Although  not  available  in  a 
TO-can  for  decapping,  the  plastic  packaging  offered  a  change  to  pressure 
the  chip.  The  test  devices,  dual  J-K  flip-flops,  were  connected  as  simple 
scale-of-four  dividers  counting  down  clock  pulses,  as  shown  in  the  schematic 
of  Figure  3.8.  Minimum  voltage  of  the  clock  pulse  and  of  the  J-K  inputs 
were  checked  at  atmospheric  pressure  and  monitored  up  to  15,000  psi. 

Typical  input-output  waveforms  are  shown  in  Figure  3.9. 

Table  3.2  presents  the  results  of  these  pressure  tests.  The  germanium 
devices  were  found  to  be  very  sensitive  to  ambient  conditions.  The  silicon 
devices  were  found  to  be  insensitive  (except  to  temperature  of  the  ambient, 
of  course)  at  least  on  a  short-term  basis..  Only  in  one  case,  the  TIT 
digital  IC's,  was  a  correlation  between  pressure  and  behavior  found,  which 
was  slight  (less  than  IX  change  in  enable  voltage  at  the  J-K  input  terminals 
over  the  range  of  14.7  psi  to  15,000  psi). 

The  result?  of  these  tests  indicate  that  pressure  effects  per  se  cn 
both  Ge  3nd  Si  devices  are  negligible.  However,  because  cf  their  itc:  of 
passivation  the  germanium  devices  are  very  susceptible  to  amoiert  ecr.il tiers 
at  their  surface.  In  addition,  tie  evidence  of  mechanical  damage  to  two 
of  the  Ge  alloy  power  devices  tested  at  high  pressures  indicates  a  enser 
look  at  the  st-ictural  design  of  these  devices—bu:  only  if  extensive  use 
of  these  devices  appears  possible  in  future  Navy  operating  systems. 
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Figure  3.7:  Pulse  response  of  type  777  IC  op 
acp  at  15t000  PSI  in  unity  gain  node. 
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Schematic  diagram  of  test  circuits  for  typo  SN7473N 
TTL  dual  J-K  flip  flops. 


Figure  3.9:  Input  clock  pulse  wave  fora  ( love: 
and  output  wave  fonts  froa  SN743N  TTL 
dual  J-K  flip  flop  at  15,000  PSI. 
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3.1.3  Conclusions 


The  experimental  results  presented  in  Section  3.1.2  confirm  the 
theoretical  analysis  of  Section  3.1.1.  Pressure  to  15,000  psi,  per  se, 
does  not  harm  planar  silicon  or  germanium  devices.  Damage  a3y  occur  on 
noi-planar  structures  due  to  material  compressibility  ais-matches.  Direct 
immersion  of  germanium  devices  in  a  pressure  transmitting  fluid  generally 
results  in  a  change  in  operating  characteristic  due  .o  factors  discussed 
below  In  Section  3.3.  However,  this  is  a  contamination  effect,  not  a 
pressure  effect. 
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3.2  Passive  Components  in  n  Fluid/Pressure  Environment 


3.2.1  Effects  of  Pressure 

The  application  of  pressure  to  electrical  circuit  passive  components 
can  be  expected  to  influence  the  behavior  in  tvo  ways:  through  changes  in 
dimension  due  to  mechanical  strain  and  through  changes  in  material  proper¬ 
ties.  An  illustration  is  afforded  by  considering  the  models  sketched  below. 


Prototype  Resistor 
Res  pl/n 


Prototype  Capacitor 

c  *  eA/t 


N  turns 


^ 'r * 


Prototype  Inductor 
t-»  h->TA#- 


Figure  3. JO:  Prototype  nodels  for  passive  components 


preceding  page  Wank 


The  changes  in  parameter  values  due  to  a  pressure  change  l> P  can  be  written 
as 


AR 


AC 


AL 


(f)2iiP  +  c^iP 


K2A  du  _  2d(A/l) 

+  “N  ^1P iP‘ 


(3.7) 

(3.8) 

(3.9) 


In  each  case,  the  first  term  represents  a  change  due  to  a  change  in  material 
electronagnetic  properties  with  pressure  and  the  second  term  represents  a 
change  due  to  a  change  in  dimension  with  pressure. 

The  change  in  dimension  can  be  expanded  as 


d  IdA  Ad  l  A  PdA/dP  di/dPl 

3? a *>  •  idF "  ^5? ■  ips - r~j  • 


(3.10) 


The  change  in  area  with  pressure  can  be  expressed  for  a  circular  cross  sec¬ 
tion  as 


1  dA  m  ~  d(r^)  m  2trr  dr  n  ~  dr/dP 

AdP  "  2  dP  2dP  *  ^  r 

xr  rr 


(3.11) 


The  fractional  changes  in  linear  dimensions,  (dr/d?)/r  and  (d£/dF)l,  are 
related  to  material  bulk  compressibility,  Ky,  by 


1  dr  1  <U 
rdP  *  TdP 


-V3- 


(3.12) 


Therefore, 


dP  Wty 


(3.13) 
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Similarly, 


4'®'  (3.H) 

These  results  show  that  Che  dimensional  changes  due  Co  pressure  tend  to 
decrease  capacitance  and  inductance  and  increase  resistance  by  an  amount 
proportional  to  the  compressibility  of  the  core  material.  An  important 
exception  is  the  case  vhere  foil  electrodes  may  not  be  completely  tightly 
wound.  In  this  case,  the  effect  of  pressure  is  to  narrow  the  spacing  and 
thus  Increase  the  capacitance. 

To  obtain  an  idea  of  the  order  of  magnitude  of  these  effects,  some 

typical  numerical  values  can  be  considered.  For  steel,  Kv/3  is  approxi- 
—8  —3 

cately  1,5  *  10  (psi)  .  At  15000  psi  the  change  in  inductance  of  a  steel 
core,  due  to  dimensional  changes  only,  would  be  about 

(^)  -  1.5  x  10-8  x  15000  -  2.25  x  10-4 

dimensional 

or  about  0.2Z.  For  a  resistor  with  a  core  material  of  graphite  with  a 
resinous  binder,  a  typical  compressibility  could  be  approximated  by  talcing 
that  for  a  plastic  material  such  as  nylon,  for  which  1^/3  is  approximately 
1.2  x  10  4(psi)  *.  Using  this,  at  15000  psi 

(—)  x  1.2  x  10‘6  x  1.5  x  104  -  1.8  x  10-2 

n  dimensional 

or  about  2Z.  A  similar  order  of  magnitude  would  be  expected  for  capacitors 
using  s  polymeric  material  such  as  mylar  as  a  dielectric  spacer.  In  electro¬ 
lytic  capacitors  which  rely  on  a  thin  oxide  film  as  ths  dielectric,  the 
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relatively  small  compressibility  of  the  file  vould  be  expected  to  contribute 
a  negligible  change  in  capacitance. 

Changes  in  the  elcctronagnetic  parameters  o,  c,  and  u  will  occur  with 
pressure.  A  relatively  large  change  in  p  occurs  in  carbon  composition 
resistors.  The  core  material  consists  of  a  suspension  of  carbon  particles 
in  a  resinous  binder.  Increasing  pressure  increases  the  effective  contact 
area  of  the  carbon  granules,  decreasing  the  bulk  resistivity  of  the  cor< , 
TV.-*  effect  predominates  over  the  Increase  in  resistance  due  to  dimensional 
changet-  to  give  an  appreciable  net  decrease  of  resistance  with  increasing 
pressure,  observed  by  cany  experimenters.  For  film  type  resistors,  the 
order  of  magnitude  change  of  o  vi-h  ?  can  be  estimated  by  considering  some 
of  the  data  of  Bridgman,  shewn  ,r  Figure  3.11  below. 


Figure  3.11:  Effect  of  pressure  o:  resistivity  of 
several  metallic  elements 
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Changes  in  e  with  pressure  have  been  studied  for  a  United  number  of 
solids.  Mayberg  {Ref.  28}  has  studied  the  change  in  dielectric  constant 
with  pressure  for  alkalai  halides  and  MnO,  all  materials  with  cubic  symetry. 
Some  of  his  data  is  given  below  in  Table  3.3. 


Table  3*3.  Change  of  Dielectric  Constant,  c ,  with 
Pressure  P  for  Alkalai  Halides  and  MnO.  [Ref.  28]. 


Material 

Teap.  (*C) 

3  lu  er 
Average, - rj — 

Mno 

30 

0.32  x  10“ 

LiF 

28  -  29 

0A5  >  10“ 

HaCl 

25  -  30 

0.99  x  10“ 

KC1 

28  -  29 

1.06  x  10“ 

KBr 

26 

1.19  x  10' 

11 


At  1000  atnospheres  (roughly  15000  psl)  the  change  in  is  on  the  order  Of 
11  or  less  for  these  caterials.  Published  data  is  sparse,  or  non-axistant, 
for  the  effect  of  pressure  on  cf  for  polyneric  naterials.  Sone  insight  is 
offered  by  considering  the  data  obtained  for  liquids  and  taking  an  extrapo¬ 
lation  fron  this. 

For  non-polar  liquids,  the  dielectric  constant  increases  slovly  with 
pressure.  For  n-pentane  an  increase  in  pressure  froo  1  attwsphere  to 
1000  atsospheres  would  give  about  Si  increase  in. dielectric  constant.  For 
polar  liquids  also  the  dielectric  constant  increases  with  pressure  at  low 
frequencies,  although  for  high  frequencies  (several  hundred  KHz)  and  for 
high  pressure  (several  thousand  atoespheres) ,  the  dielectric  constant  can 
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eventually  start  to  decrease  with  Increasing  pressure  [Pef.  29].  It  has 
also  been  reported  that  Che  vitreous  fora  of  phenolpnthalein  and  pheno- 
forcaldehyde  rosin  exhibit  a  decrease  in  dielectric  constant  with  increasing 
pressure  (Ref.  29 J. 

It  reviewing  this  behavior,  it  appears  that  capacitors  which  use  a 
not-too-viscous  liquid  dielectric,  such  as  the  Impregnated  paper  capacitors 
shown  in  Figure  3.12,  will  increase  their  capacitance  up  to  a  few  percent 
at_ 1000  atmospheres.  On  the  other  hand,  polymeric  dielectrics  of  high 
molecular  complexity  Can  be  expected  to  exhibit  a  slight  decrease  in 
capacitance  to  dielectric  changes. 

The  permeability,  u,  of  a  magnetic  material  depends  upon  the  magneti¬ 
zation  H  Induced  by  an  applied  magnetic  field,  H.  The  maximum  value  of  M, 
the  saturation  magnetization,  Ms>  and  the  curie  temperature,  T^,  i.e.,  the 
temperature  at  which  Mg  drops  to  zero,  has  been  found  to  generally  decrease 
in  Fe-Ni  alloys,  although  the  magnitude  of  the  decrease  is  dependent  upon 
the  composition,  as  shown  in  Figure  3.13,  taken  from  [Ref.  30].  It  is  well 
known  that  application  of  a  magnetizing  force  to  a  ferromagnetic  material 
ca-  result  in  a  mechanical  strain  6 1/1.  The  magnitude  and  sign  (+  or  -) 
of  this  magnetostriction  effect  depend  upon  the  relative  orientation  of  the 
magnetization  with  the  strain.  This  strain  is  equivalent  to  an  external 
stress  applied  to  the  material.  A  reciprocal  relation  also  applies: 
mechanical  stress  can  influence  the  magnetization.  Thermodynamic 
reasoning  leads  to  a  relation  (Ref.  31] 


(IS)  .  I  (M) 
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Ki  retro!;  tie  capacitor. 


(a)  lAIC-W  Travis**.  UNIT 
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ID)  EX7C-.0E3  f&L  UNIT 
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Paprr  capacitor*  =  hrnrcticaUf  »c«te4  hou»m-*. 


Figure  3.12:  Typical  internal  construction  for 
paper  and  aluainua  foil  electrolytic  capacitors 


Figure  3.13A:  Rate  of  change  of  saturation  magnetization,  Ms>  with 
pressure  as  a  function  of  composition  in  Ni-Fe  alloys  [Ref.  30) 


Figure  3.138:  Rate  of  change  of  Curie  temperature  with  pressure 
as  a  function  of  composition  in  N'i-Fe  alloys  (Ref.  30) 
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between  the  change  In  magnetization  with  stress,  at  constant  field  H,  and 
the  change  in  strain  with  applied  field  at  constant  stress  (Ref.  31).  Ap¬ 
plication  of  a  uniaxial  stress  can  have  a  narked  effect  on  the  induced 
nagnetization  for  a  given  H  field,  as  shown  in  two  examples  in  Figure  3.14 
(Sef.  31).  These  effects  are  attributable  presumably  to  the  existence  of 
a  favorable  magnetic  orientation  axis  (due  to  minimization  of  the  free 
energy).  Orientation  of  this  axis  with  respect  to  the  stress  direction 
determines  the  direction  cf  shift  of  the  magnetization  versus  field  curve. 

In  one  case  shown.  Permalloy  with  682  Ki,  application  of  a  tensile  force 
shifts  the  vs.  H  curve  so  that  a  given  value  of  is  achieved  with  a 

smaller  field  strength  H.  In  the  ease  of  Ni,  a  tensile  force  increasds 
the  value  of  H  required  to  achieve  a  given  M-rf.  In  both  cases  there  is  a 
noticeable  shift  in  saturation  magnetization. 

Application  of  hydrostatic  pressure  to  a  polycrystalline  ferromagnetic 
material  would  not  introduce  a  unique  stress  axis.  Hence,  the  narked  shift 
of  Kg  vs.  H  which  occurs  for  uniaxial  stress  would  not  be  expected  to  occur. 
The  relatively  small  shift  in  saturation  magnetization  with  pressure  of 
Fe-Ni  alloys,  shown  in  Figure  3.13,  supports  this  reasoning.  The  largest 
value  is  ~  1  -  12  at  1000  atmospheres.  Based  upon  this,  it  is  expected  that 
the  change  in  permeability  of  laminated  steel  cores  used  in  chokes  and 
transformers  will  remain  negligible  up  to  15000  psi.  Powdered  cores,  on 
the  other  hand,  may  increase  effective  permeability  significantly  due  to 
denser  packing  under  pressure. 

Another  passive  circuit  element  frequently  used  in  electronic  circuits 
is  the  coaxial  cable,  modeled  in  Figure  3 J.5  .  For  this  circuit  element, 
the  inductance  per  uni!  length  and  capacitance  per  unit  length  are  given  by 
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Figure  3. IS:  Coaxial  cable  nodel. 


L  -  2  x  10"7  ln(r  /r.) 

O  1 

55.6  cr 

C  * 


hy/n 

(3.16) 

pf/n 

(3.17) 

The  effect  of  hydrostatic  pressure  would  be  to  cospress  the  dleleccric 
naterial,  typically  polyethylene  or  teflon,  to  a  nuch  larger  extent  than 
the  eetailic  inner  conductor,  so  Chat  to  a  good  approximation  r^  would 
reoaln  constant.  The  resulting  changes  in  Inductance  and  capacitance  would 
be 
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ln(r  /r.) 
O  1 


d  <  W 
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Since  dr^/dP  <  0,  the  inductance  per  unit  length  would  decrease  with  pres¬ 
sure-  The  capacitance  could  either  decrease,  increase,  or  retain  relatively 
constant,  depending  on  the  relative  sizes  of  the  two  terzss  in  square  brackets. 
Propagation  delay  and  characteristic  icpedancc,  defined  by 


t  *  »/Tc  »  »'ue  sec/n 


(3.20) 


Z 


In  (royri) 


(3.21) 


would  also  be  only  slightly  affected  at  1000  atmospheres.  Taking  as  an 
example  a  section  of  RG-S8A/U  cable  with  polyethylene  dielectric,  the 
changes  which  could  be  expected  at  1000  atmospheres  can  be  calculated.  For 
polyethylene,  the  linear  compressibility  is  about  0.011  per  1000  atmos¬ 
pheres.  Therefore,  for  AP  =  1000  atmospheres,  14,700  psi. 


1 

—  •—  AP  *  -0.011  . 
r  dP 


The  value  of  r^/r.  ror  RG-S8A/U  is  about  3.0,  which  gives 


£L  0.011 

r  *  •  ~m~  * 


AC 

C 


.  0.011  ,  1  dcr 

+  ln3  +  c  dP 
r 


IP  . 


The  change  in  dielectric  constant  should  be  negligible  at  1000  atcospheres. 
Therefore,  the  inductance  per  unit  length  decreases  by  about  1  percent  and 
the  capacitance  per  unit  length  increases  by  about  1  percent.  Delay  tine 


t  should  be  negligibly  affected,  and  the  characteristic  impedance  will  be 
decreased  by  about  1  percent. 

3.2.2  Fluid  Effects 

In  those  cases  where  eosponent  housings  would  crush  at  pressures 
well  below  those  desired  for  operation,  the  housing  must  be  pressure  con- 
pensated.  Tvo  types  of  problems  can  result — changes  in  operation  due  to  the 
presence  of  a  fluid  of  higher  dielectric  constant,  i.e.,  oil  rather  than  air, 
and  changes  due  to  contaaination  Except  for  the  air  dielectric  variable 
capacitor,  the  presence  of  a  higher  dielectric  fluid  will  probably  not 
significantly  change  the  electrical  operating  characteristics  of  the  im- 
cersed  circuits.  Contaaination,  however,  oust  be  carefully  considered. 

As  shown  in  Figure  3.12,  paper  capacitors  are  constructed  with  an  Im¬ 
pregnating  fluid  in  the  papar  spacing  the  octal  foil  electrodes.  The 
iapregnant  oay  be  a  wax,  oil,  or  synthetic  oatcrial  such  as  chlorinated 
naphthalene  or  chlorinated  diphenyl  [Ref.  32} .  If  the  case  has  an  aperture 
to  allow  free  passage  of  the  pressure  transnission  fluid— say,  for  exsnple, 
silicone  oil — the  effect  of  long  tern  co-tact  of  the  oil  with  the  capacitor 
iopregnant  must  be  known  in  order  to  assess  the  possibility  of  deleterious 
reactions  of  the  generation  of  contaainanta  which  could  be  transported  to 
ccntanination  sensitive  components.  A  similar  consideration  applies  to 
aluainua  foil  electrolytic  capacitors,  which  use  an  aqueous  solution  of 
aesonlua  borate,  boric  acid,  and  glycol,  or  similar  electrolyte  solutions 
[Ref.  32).  Typical  construction  of  an  aluminum  foil  electrolytic  capacitor 
is  shown  in  Figure  3.12  also. 

Another  type  of  electrolytic  capacitor,  the  tantalua  type,  is  exten¬ 
sively  used  in  circuit  construction.  Typical  construction  for  the  'Vet" 
types  and  for  the  solid  electrolyte  types  of  tantalua  capacitors  is  «hown 
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in  Figure  3.16.  The  "wet”  types  use  sulfuric  acid  or  aqueous  lithium 
chloride  as  the  electrolyte  because  of  the  high  conductivity  required  to 
reduce  series  resistance  {Ref.  32 J.  The  miniature-type  tantalum-pellet 
capacitor  is  inherently  pressure  compensated  if  the  electrolyte  completely 
fills  the  interior  of  the  case.  The  dual  cell  type  shown  could  possibly  be 
compensated  by  having  its  cuter  case  punctured  to  allow  oil  to  fill  the 
voids  around  the  interior  capacitor  cells,  assuming  that  these  are  com¬ 
pletely  filled  by  liquid  electrolyte.  The  solid  electrolyte  (MsK^) 
tantalum  capacitor,  if  of  the  construction  shown,  vculd  require  an  interior 
liquid  fill  for  pressure  compensation.  The  liquid  would  have  to  be  inert 
to  the  electrolyte.  Pure  silicone  oil  would  probably  fulfill  this  require¬ 
ment,  but  the  presence  of  any  polar  liquid  contaminant  could  change  the 
value  of  capacitance  if  transported  through  the  oil  and  accumulated  at  the 
capacitor.  Experimental  work  on  the  effects  of  water,  methanol,  and 
isopropyl  alcohol  on  MnO^  solid  electrolyte  capacitors  has  shown  that  these 
polar  liquids  can  cause  an  increase  of  capacitance  and  cf  leakage  current 
[?ef.  33).  In  this  work  the  capacitors  were  uncased  and  immersed  in  the 
liquids.  However,  exposure  to  room  air  at  50%  R.H.  also  gave  an  increase 
in  capacitance  of  about  6%  over  a  period  of  30  minutes.  There  nay  be 
Sfme  shifts  due  to  water  vapor  in  the  oil. 

Innersed  operation  of  transformers  snd  chokes  in  oil  should  intro¬ 
duce  no  problems  providing  that  the  insulation  materials  are  not  soluble 
or  softened  to  the  point  where  turns  could  be  shorted  under  pressure. 

3.2.3  Experiment 

Passive  components  have  rot  been  tested  so  far  in  this  investigation. 
This  was  due  to  the  fact  that  past  work  by  other  investigators  had  yielded 
a  fair  amount  of  data  on  passive  components  but  a  limited  amount  on  semi- 
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Figure  3.16:  Typical  tantnlua  electrolytic  capacitor  construction 
[Ref.  32] 
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conductor  devices*  The  cost  comprehensive  passive  component  pressure 
testing  reported  has  been  undertaken  by  Anderson,  Gibson  and  Ramey  [Ref.  4], 
These  investigators  used  twenty  component  test  sets  taken  in  1000  psi 
increments  to  10,000  psi  and  then  back  to  atmospheric  pressure.  The 
results  of  these  tests  can  be  summarized  as  follows: 

1.  Resistors: 

a.  Carbon  composition  resistors  in  molded  cases  shoved  a  con¬ 
sistent  decrease  of  resistance,  Rf  with  pressure,  although 
occasional  units  exhibited  an  increase  in  R  before  decreasing 
at  higher  pressures.  The  decrease  vas  uniforo  with  pressure 
for  many  units.  Other  units  decreased  rapidly  for  the  first 
few  thousand  psi  and  then  decreased  at  a  lover  rate  to  10,000 
psi.  Those  in  hermetically  sealed  cases  showed  little  change 
to  3,000  -  4,000  psi  and  then  abruptly  decreased  to  about  0.9 
the  initial  resistance. 

b.  Fila  resistors,  both  carbon  and  metal,  shewed  little  "*r 
no  change  with  pressure.  iietal  oxide  flics  showed  somewhat 
core  change,  but  less  than  102  at  10,000  psi. 

c.  Virevound  resistors  in  molded  cases  showed  setae  change, 
with  occasional  units  exceeding  10%,  but  less  than  502.  One 
unit  exceeded  a  502  change,  Wircwound  resistors  in  sctal  cases 
exhibited  abrupt  decreases  tc  502,  apparently  due  to  case 
deformation  onto  the  spool. 

2.  Capacitors: 

a.  Ceraoic  capacitors  generally  showed  less  than  102  change 
(some  Increased,  some  decreased  In  value)  although  occasional 
units  exhibited  a  10  -  502  change.  A  significant  fraction  (30  - 
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3St)  of  ceranic  capacitors  in  phenolic  cases  had  a  greater  than 
502  change. 

b.  Paper-nylar  and  solid  impregnated  capacitor  changed  very 
little  (a  few  percent  at  cost)  with  pressure,  with  one  unit 
excepted,  which  had  a  10  to  502  change  over  the  10,000  psi 
pressure  interval. 

c.  Mica  and  glass-foil  capacitors  generally  changed  only  a 

few  percent,  although  sone  glass-type  units  had  a  change  between 
10  and  50  percent. 

d.  Aluninun  foil  electrolytic  capacitors  exhibited  erratic 
changes  with  pressure,  with  10  to  502  variations  typical.  Metal 
cases  were  deforced  and  frequently  found  to  be  displaced  fron 
the  end  seals. 

e.  Solid  tantaluc  capacitors  showed  less  than  102  change  on  one 
batch,  although  generally  the  change  was  10  to  502,  with  several 
greater  than  502,  and  cany  of  the  oetal  cases  were  deforced  and 
had  ruptured  end  seals. 

3.  Inductors: 

a.  R.F.  chokes  (air  core)  shoved  generally  less  than  102  change, 
although  one  unit  varied  10  to  502  fron  its  initial  value. 

b.  Audio  chokes  (steel  core)  generally  changed  less  than  102, 
although  in  one  batch  four  out  of  six  exhibited  a  percanent 
change  of  greater  than  502. 

4.  Transformers: 

a.  Of  twenty  R.F.  transforcers  on  ccraaic  fores,  half  showed 
less  than  102  change  while  half  varied  10  to  502. 

b.  Several  batches  of  audio  transforcers  were  tested.  The  open 


frace  type  generally  shoved  less  than  102  change  in  traosforna- 
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tion  ratio  with  a  few  exceptions.  Epoxy  molded  types  usually 
showed  larger  changes,  10  to  502,  with  several  units  exhibiting 
permanent  changes  of  greater  than  502. 

3.2.4  Conclusions 

The  theoretical  analysis  of  Section  3.2.1  indicates  that  many  materials 
used  for  passive  component  construction  exhibit  little  change  in  parameter 
values  with  pressure  to  15,000  psi.  This  includes  the  materials  used  in: 

1.  vi rewound  resistors 

2.  film  resistors 

3.  capacitor  dielectric  materials  (except  air) 

4.  laminated  ferroelectric  cores  for  Inductors  and  transformers. 
Fabrication  materials  with  appreciable  void  consent  are  likely  to  exhibit 
large  changes  in  parameter  values  with  increasing  applied  pressure.  These 
include: 

1.  composition  resistor  material 

2.  ferrites 

3.  powdered  ceres. 

For  the  first  group  of  component  materials,  the  use  of  molded  or  vitreous 
cncapsulants  without  voids,  which  arc  capable  of  transmitting  stress 
_lie  tly  to  the  Internals  should  provide  devices  which  are  relatively 
> tress  insensitive.  The  second  group  of  materials  must  either  be  protected 
from  stress,  or  their  change  in  parameter  values  must  be  known  and  compen¬ 
sated  for  in  seme  manner  If  they  are  to  be  used. 

These  conclusions  are  generally  supported  by  the  experimental  evidence 
cited  in  Section  3.2.3. 
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3.3  Semiconductor  Components  Exposed  to  a  Contaminated  Fluid 

Transistors  and  other  semiconductor  devices  are  housed  in  packages 
to  protect  then  iron  mechanical  damage.  In  addition*  however,  cany  of 
these  devices  must  have  a  hermetic  seal  to  prevent  the  accumulation  on 
or  near  the  device  of  ionic  contaminants  and  water  vapor.  From  long 
experience,  it  has  been  found  that  such  contamination  can  seriously  inter¬ 
fere  and  often  lead  to  catastrophic  failure  of  semiconductor  devices.  We 
new  examine  the  problems  which  may  occur  when  a  seniconductor  device  is 
deliberately  exposed  to  a  fluid  under  pressure  which  may  possibly  con¬ 
tain  ionic  contaminants  and  water  vapor. 

3.3.1  Ionic  and  Water  Vapor  Contamination  Effects  on  Devices 

It  has  been  long  known  that  ambient  conditions  have  a  marked 
effect  on  transistor  performance.  Brown  (Ref.  34]  reported  on  the  formation 
of  conducting  “channels*1  on  the  surface  of  the  base  region  of  grown  junction 
npn  germanium  transistors.  This  was  attributed  to  the  inversion  of  the 
conductivity  type  of  the  surface  of  the  base  region  from  p-type  to  n-type 
due  to  the  presence  of  charges  on  the  surface  from  an  unspecified  source. 

A  subsequent  study  by  Kingston  [Ref.  35]  reported  the  formation  of 
n-type  channels  on  p-type  base  region  of  a  grown  junction  germanium  translsto 
due  to  absorbed  water  vapor.  A  review  by  Kingston  (Ref.  36]  of  surface 
phenomena  on  germanium,  citing  the  work  of  many  experimenters,  revealed 
that  the  type  and  density  of  induced  charge  carriers  at  the  surface  of 
germanium  is  independent  of  the  bulk  resistivity  of  the  germanium.  The 
type  of  charge  carrier  induced  at  the  surface  depends  only  upon  the  nature 
of  the  ambient.  Tabic  3.4  shows  the  relation  between  various  gas 
ambients  and  surface  conductivity  type  as  given  in  (Ref.  26].  In 
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Table  3.4:  Surface  conductivity  type  and  surface  potential 
due  to  various  gas  asblents  (Ref.  36] 


Gas 

»20  +  n2 

K.O  +  air 

H2>  +  o2 

»2  (dry) 
Air  (dry) 
02  (dry) 
H2°2 


Surface  conductivity  type  and  potential 
n  type  positive 


P  type 


Vs  negative 
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addition  to  these  studies  directed  Cowards  a  theoretical  understanding  of 
the  effects,  practical  studies  were  cade  of  the  effects  of  various  anbient 
conditions  on  transistor  reliability  (Ref.  37].  Both  0^  gas  and  water  vapor 
were  found  to  have  a  large  effect  on  the  reverse  saturation  current,  Junc¬ 
tion  breakdown  voltage,  and  the  current  gain  of  both  npn  and  pnp  alloy 
Junction  geraaniua  transistors. 

The  effect  of  water  vapor  is  pertinent  to  the  present  study.  Water 
vapor  in  contact  with  pnp  alloy  junction  germaniun  transistors  (Ref.  37). 

was  found  to:  (1)  decrease  collector  base  junction  breakdown  voltage,  V_; 

B 

(2)  decrease  chc  reverse  saturation  current,  Ig,  until  a  high  vapor  pressure 
was  reached;  Chen  Ig  increased  rapidly;  (3)  increase  the  forward  current 
transfer  ratio,  a  (and,  therefore,  8,  since  6  «  ) .  This  effect  of 

water  vapor  was  found  to  be  sinilar  to  the  effect  of  positive  ions  on 
transistor  surfaces,  and  essentially  the  sane  results  were  found  for  freshly 
etched  surfaces  on  the  structures  as  well  as  for  units  kept  under  bias  in 
oxygen  for  two  weeks  after  etching. 

Sensitivity  to  aobient  conditions  of  gernaniun  devices  is  understandable, 
since  under  norcal  conditions  of  surface  preparation,  these  devices  have 
only  a  thin  layer,  10  to  SO  angstreos,  of  native  oxide  covering  the  bulk 
gercaniun.  This  thin  insulating  layer  allows  ionic  charges  which  accueu- 
late  on  th'  outer  surface  of  the  oxide  to  exert  stzong  electrostatic 
attraction  on  free  charge  carriers  in  the  bulk.  The  effects  of  such  attrac¬ 
tive  forces  can  be  susaarized  by  considering  the  diagrans  in  Figure  3.17. 

Ideally,  there  is  no  disturbance  of  allowed  and  forbidden  energy  levels 
as  an  electron  approaches  the  surface  (X  ■*  0  in  the  diagrans  of  Figure  3.17). 
Figure  3.17A  depicts  this  ideal  situation  for  an  n-type  seniconductor.  On 
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this  diagram,  we  denote  the  edge  of  the  conduction  hand  by  E^g,  we  denote 
the  upper  edge  of  the  valence  band  by  E^s»  we  denote  the  intrinsic  Fermi 
level  by  E_»  This  is  the  energy  level  for  which  the  probability  of  electron 
occupation  is  exactly  1/2  in  intrinsic  material,  that  is,  in  not  inten¬ 
tionally  doped  material.  Because  of  the  deliberate  addition  of  donor-type 
impurities  to  make  this  model  material  n-type,  the  Fermi  level  is  now 
moved  upward  to  £  position  denoted  by  Ev  displaced  by  an  amount  AE  from 
th*;  intrinsic  Fermi  level,  E^.  The  energy  difference  between  the  Fermi 
level,  Ej.,  and  the  vacuum  level — that  is,  that  energy  at  which  an  electron 
is  free  of  the  material  but  has  zero  kinetic  energy — is  called  the  work 
function  of  the  material  and  is  here  symbolized  by  Wg.  The  energy  dif¬ 
ference  between  the  bottom  of  the  conduction  band  and  the  vacuum  level  is 
denoted  by  K  and  is  celled  the  electron  affinity  of  the  material.  Vertically 
we  plot  a  scale  of  electron  energy,  and  the  horizontal  scale  represents 
depth  into  the  semiconductor  bulk  from  the  surface,  which  wc  will  denote 
by  x.  This  is  the  ideal  situation.  The  density  of  free  carrier  electrons 
in  the  conduction  band  is  given  by  Equation  3.22  belcw: 

n  =  exp  (AE)  ,  (3.22) 

The  density  of  holes  in  the  valence  bank  is  given  by  Equation  3.23  below: 

p  .  n.  exp  t-AE>  .  (3.23) 

In  both  of  these  equations,  the  energy  difference,  AE,  is  given  by  Equation  3.24 
below: 


AE  -  (Ep  -  E^/kT  . 


(3.24) 
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In  Figure  3.17B,  we  depict  a  situation  In  which  positive  charge  has  somehow 
accumulated  or.  the  surface  of  the  semiconductor r  The' effect  of  this  accumu¬ 
lation  is  to  attract  free  electrons  in  the  hulk  Coward  the  surface  of  the 
semiconductor  and  hold  '■hem  there  by  electrostatic  attraction.  "Now  this 
represents  a  dynamic  situation  with  electros*  continually  tosgizg  to  and 
leaving  ths  surface,  but  there  is  always  a  net  of  electrons  attracted  tc 
the  surface  due  to  the  accumulated  fixed  positive  charge  on  the  surface . 

The  eftect  of  the  accumulation  of  electrons  near  the  surface  is  to  bend 
the  allowed  energy  bands  as  shown  in  the  diagram.  Jiote  chat  the  spacing 
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between  the  Fermi  level,  Ep,  and  the  intrinsic  Fermi  level,  Ej,  has  cow 
increased  to  account  for  the  increase  in  concentration  of  electrons  near 
the  surface.  We  denote  the  level  of  the  distance  into  the  mater  il  over 
which  the  energy  bands  are  disturbed  from  their  ideal  position  shown  in 
Figure  3. 1?&  by  X^.  It  is  possible,  with  sufficient  positive  charge  on  the 
surface,  to  accumulate  a  large  concentration  of  electrons  in  the  germanium 
just  underneath  the  surface,  and.  vhen  this  happens,  we  ceil  it  an  accumu¬ 
lation  layer.  In  other  words,  an  accumulation  of  carriers  of  the  same 
type  as  the  doping  the  hulk  germanium.  Figure  3.I7C  shows  another  situa¬ 
tion  which  sight  occur.  In  this  situat'en,  an  accumulation  of  negative 
c'r-rgo  on  the  surface  of  the  semiconductor  induces  a  higher  concentration 
c c  holes,  or  positive-charged  carriers,  from  the  semiconductor  bulk.  These 
holes  tend  io  decrease  electron  concent  ration  at  the  surface.  If  the  number 
of  holes  attracted  toward  the  surface  i:>  sufficiently  large,  the  electron- 
hole  concentrations  may  be  essentially  balanced.  By  definition,  rKe  surface 
is  intrinsic,  and  the  separation  between  and  £-  is  zero,  if  sufficient 
n&gaHve  charge  eccwsclscc-?  adjacent  to  tke  semiconductor  surface,  the 
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conductivity  type  any  be  changed  from  n-  to  p-type,  in  which  case  the 
surface  is  said  to  be  "inverted." 

To  summarize,  charges  which  accumulate  on  the  surface  of  a  semicon¬ 
ductor  oay  influence  the  electronic  properties  of  the  semiconductor  surface. 
Charge  of  like  sign  as  the  majority  carriers  in  the  semiconductor  will 
tend  to  repel  these  carriers  3nd  attract  minority  carriers.  Charge  of 
opposite  sign  to  that  of  the  majority  carriers  will  tend  to  cause  an 
accumulation  of  majority  carriers  near  the  surface. 

Figure  3.18  shows  the  situation  which  occurs  for  the  energy  levels  of 
a  semiconductor  when  a  real  oxide  layer  is  present  on  the  semiconductor 
surface.  In  this  figure,  the  presence  of  the  oxide  has  introduced  some 
energy  states  which  serve  to  trap  charge  and  to  change  the  band  structure 
at  the  surface  of  rhe  semiconductor.  In  the  situation  shown  here  in 
Figure  3.18,  we  have  an  n-type  semiconductor  with  an  oxide  layer  on  it; 
the  thickness  of  the  oxide  layer  is  given  by  xQ,  and  the  disturbance  of 
the  oxide  layer  and  interfacing  with  the  semiconductor  has  created  some 
energy  states  which  are  shown  a.?  rectangles  on  the  diagram.  The  energy 
states  which  are  immediately  at  the  interface  between  the  oxide  and  the 
semiconductor,  colored  dark,  arc  called  fast  surface  states;  and  energy 
states  which  are  located  in  the  bulk  of  the  oxide  or  at  the  surface  of 
the  oxide  adjacent  tc  the  gas  ambient  are  called  slew  surface  states. 

Tfte  reason  for  these  designations  is  that  charges  or  charge  carriers  from 
the  bulk  of  the  semiconductor  say  rapidly  come  to  equilibrium  with  the 
interface  s sszes  or  fast  states  so  chat  a  change  in  electrostatic  attrac¬ 
tion  at  the  surface  of  the  semiconductor  can  cause  these  states  to  cose 


to  equilibrium  in  one  microsecond  or  less.  These  states  occur  in  a  density 
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of  about  10  /co  for  gercaniuc  and  of  about  10  /cm  for  silicon  [Ref.  38, 
page  357].  Since  these  states  lie  at  the  Interface  [Ref.  38,  page  348] ,  they 
are  Insensitive  to  changes  in  the  anblent  conditions — that  is,  the  aabient 
gas  conditions — at  the  surface  of  the  oxide.  The  slow  states,  which  are 
shown  by  the  open  rectangles  on  the  dlagraa,  take  auch  longer  to  coae  to 
equilibrium  with  carriers  froo  the  bulk.  These  states  cay  require  as  long 
as  seconds  or  longer  to  coae  to  equilibriua.  They  are  associated  with  either 
states  in  tne  oxide  bulk  or  on  the  surface,  which  say  possibly  be  adsorbed 
species  [Ref.  38,  page  348].  The  density  of  the  slow  states  varies  with  the 

way  in  which  the  oxide  has  been  forced  o'-  the  seciconductor,  but  the  lower 
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licit  of  these  states  is  equivalent  to  about.  .*».  /ca  [Sef.  38,  page  358]. 

If  the  oxide  is  thin,  as  is  the  case  with  a  native  oxide  (forced  at  teepera- 
tures  of  a  few  hundred  degrees  Kelvin  at  cost)  on  gercauiua  and  silicon,  the 
presence  of  slow  states  caused  by  absorbed  gaseous  species  van  cause  insta¬ 
bilities  in  device  parameters  as  the  acblent  changes. 

The  situation  shown  in  Figure  3.18  shows  the  bands  bending  upward  near 
the  surface  of  the  seciconductor  at  the  seniconductor-oxide  interface. 

This  situation  laplles  that  there  Is  an  accumulation  of  negative  charge 
in  Che  fast  and  in  Che  slow  states  or  a  net  accusulatlon  of  negative  charge 
in  these  states  which  serves  to  attract  holes  toward  the  surface  of  the 
seciconductor  at  the  oxide-seniconductor  Interface;  and  in  this  stiuation, 
we  have  shown  an  inversion  region  between  x^  and  x^.  In  other  words,  the 
fixed  charge  in  the  oxide  and  at  the  Interface  has  accumulated  sufficient 
holes  to  completely  invert  the  surface  on  n-type  germanium  to  p-type.  In 
the  depth  in  the  seciconductor  between  x^  and  x^,  the  oaterial  gradually 
changes  froa  intrinsic  to  n-type  again,  and  in  this  region  there  is  a  lower 
density  of  electrons,  free  charge  carriers,  chan  there  is  in  the  bulk  of 


the  n-type  seoiconductor  so  this  region  is  referred  to  as  a  depletion  region. 
The  total  region  between  x^  and  xd  is  tcrned  a  space  charge  region,  and  into 
the  senieonductor  beyond  the  seoiconductor  behaves  as  it  would  ideally 
with  no  disturbance  on  its  surface.  In  other  words,  the  seoiconductor  ex¬ 
hibits  its  bulk  properties. 

The  change  in  breakdown  voltage,  V  ,  of  a  p-n  Junction  has  been  ex- 
plained  by  Garrett  and  Brattain  (Ref.  39]  in  terns  of  surface  charge  near 
the  p-n  junction  which  alters  the  electric  field  pattern  in  the  junction 
region  near  the  surface.  The  oodel  by  these  authors  to  explain  the  experi¬ 
mental  results  they  and  others  had  obtained  is  shown  in  Figure  3.19  in  terns 
of  a  p+-n  Junction  structure  (p+-  ceans  a  heavily  doped  p-type  region). 

In  Figure  3.19A,  a  situation  is  shown  in  which  positive  charge  has  ac¬ 
cumulated  near  the  p-n  junction;  the  positive  charge  has  accumulated  on  the 
surface  of  the  seoiconductor.  Shown  shaded  is  the  junction  depletion  region. 
The  accuaulated  positive  charge  is  shown  as  +  .  Kote  that  the  accumulation 
of  positive  charge  at  the  Junction  serves  to  attract  core  electrons  to  the 
surface  and  the  more  lightly  doped  n-type  material  which  causes  a  narrowing 
of  the  Junction  depletion  region  near  the  surface.  This  narrowing  car. 
lead  to  a  decrease  in  the  breakdown  voltage  of  Vg.  Fomation  of  a  deple- 
•on  region  or  an  inversion  region,  as  shown  in  Figure  3.19B,  due  to  the 
accumulation  of  negative  charg  on  the  surface  near  the  junction  widens 
out  the  junction  near  the  surface  and  results  in  an  increase  in  Vg  towards 
the  ideal  bulk  breakdown  value. 

The  formation  of  s  channel  (inversion  region),  as  shown  in  Figure  3.19C, 
results  in  an  increase  in  effective  junction  area  which  can  increase  the 
reverse  saturation  current.  This  will  be  discussed  in  core  detail  later. 
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Figure  3.19:  Model  of  Garrett  and  Brattain  [Ref  MI 
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In  addition  to  pointing  out  the  desirability  of  channel  formation  to 
increase  Vg>  the  analysis  of  [Ref.  39]  also  revealed  that  surrounding  the 
Junction  by  a  material  of  high  dielectric  constant  would  help  to  increase 


With  the  advent  of  silicon  planar,  diffused  device  technology,  the 
possibility  of  using  relatively  thick  layers  of  SiO,,,  an  amorphous,  high 
quality  insulator,  became  apparent.  These  could  be  grown  on  the  device 
surface  in  an  oxidizing  atmosphere  at  temperatures  near  1000°C  during  the 
diffusion  process.  The  ability  of  these  "thermal"  SiO^  layers  to  provide 
stable  operating  characteristics  for  silicon  devices  was  reported  by  At alls, 
et  al  [Ref.  40].  A  range  of  thicknesses  from  thin  (150-300  A)  to  thick 
(4,000  A)  was  used.  With  surfaces  protected  in  this  manner,  the  silicon 
devices  were  found  to  exhibit  stable  characteristics,  at  least  on  a  short¬ 
term  basis,  when  exposed  to  a  variety  of  different  anblent  conditions  such 
as  wet  H2  gas,  wet  0^  gas,  dry  Nj  and  Oj,  ammonia,  and  ozone.  Junctions 
with  thin  oxides  (150-300  A)  stored  in  room  air  in  plastic  boxes  for  15 
months  were  reported  to  have  showed  no  change  in  characteristics'.  — 

A  subsequent  report  by  Atella  and  other  co-workers  [Ref.  41]  clarified 
the  conditions  under  which  stability  could  be  expected.  Although  the 
thermal  Si02  provided  very  stable  characteristics  in  a  wet  atmosphere 
(gaseous  ambient  with  water  vapor  present)  for  junctions  without  electrical 
bias,  or  with  forward  bias,  reverse-biased  junctions  were  found  to  be  af¬ 
fected  aa  follows: 

1.  After  application  of  reverse  bias,  the  current  increased  over  a 
period  of  a  few  hours  until  it  reached  a  saturation  Value  deter¬ 
mined  by  the  relative  humidity,  applied  voltage,  and  oxide 


thickness. 


2.  A  channel  (Inversion  layer)  was  generally  formed  on  both  sides 
of  the  junction.  Carrier  generation  In  the  space  charge  region 
of  the  channels  accounted  for  the  Increase  of  reverse  saturation 
current  noted  above. 

3.  The  channels  would  be  eradicated  and  original  junction  charac¬ 
teristics  could  be  restored  by  recoving  the  reverse  bias  In  the 
presence  of  water  vapor. 

Atalla,  et  al,,  (Ref.  41]  proposed  that  the  csuse  of  this  behavior  was 
the  ability  of  Ions  on  the  oxide  surface,  made  mobile  by  the  presence  of 
water  vapor,  to  be  sorted  out  lu  the  electric  field  fringing  the  junction 
where  it  Intersected  the  surface.  Removal  of  the  high  field  due  to  the 
reverse  bias  allowed  the  Ions  to  recoablne.  As  would  be  expected  on  the 
basis  of  such  a  model,  the  thicker  the  oxide  over  the  junction,  the  higher 
the  reverse  bias  and  relative  humidity  required  to  obtain  a  given  satura¬ 
tion  current  level. 

Experimental  confirmation  of  the  Atalla  model  was  obtained  by  Shockley 
et  al.  (Ref.  42],  who  used  a  Xelvin  probe  to  measure  the  changes  In  potential - 
of  an  oxide  surface  caused  by  accumulated  iocs  on  the  surface.  The  change 
In  surface  potential,  Vg,  due  to  the  motion  of  Ions  on  an  oxide  surface  of 
resistance  Rg  ohms  per  square,  having  a  capacitance  of  Cq  farads  per  square 
meter  to  the  underlying  semiconductor,  was  found  to  obey 


0.25) 


where  x  Is  the  dimension  along  the  surface  normal  to  the  junction  at  x  «  0. 
The  solution  of  this  equation  is 
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VS  ■  V0erfc(x/2^7^) 


subject  to  the  boundary  conditions  that 


Vs  ■  VQ  for  X  <  0 


Vg  «  0  for  x  >  0  at  t  »  0 


where  VQ  Is  the  potential  at  x  »  0.  This  variation  of  surface  potential 
was  found  to  be  in  good  agreement  with  the  experimental  results.  Indicating 
the  validity  of  Atalla's  model  [Ref.  41]. 

In  connection  with  this  model,  Schlegel  et  al  [Xef.  43]  have  used  a 
special  test  structure  to  study  the  drift  of  Ions  across  an  oxide  surface 
due  to  the  presence  of  an  electric  field.  They  point  out  that  Equation  (3.25) 
is  derived  on  the  assumption  that  the  total  density  of  Ions  Is  Independent 
of  time  and  distance.  By  allowing  for  the  case  In  which  the  total  ion 
density  depends  upon  the  surface  potential,  they  obtain  the  equation 


37S  _  1  S2?  (  u  32(V2) 


3t  Vo  3X2  2 


where  u  la  the  Ion  mobility  (velocity  per  unit  electric  field)  on  the 
surface.  This  equation  has  a  solution  of  the  form 


V  -  Vpf  (xVuV0t). 


This  solution  predicts  a  build-up  of  potential  (and  hence  surface  charge) 

In  proportion  to  the  square  root  of  time — as  does  solution  (3.2$)  of  Xqmatlon 
(3.25).  Using  (3.27)  and  the  test  structure,  these  authors  [Ref.  43}  studied 
surface  Ion  motion  ac  a  function  of  ambient  conditions.  They  estimated 
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the  value  for  y  as  10  to  10  an/oec  per  volt/ca.  Ambient  humidity  was 
found  to  be  the  most  important  variable  influencing  the  notion.  The  notion 
was  also  found  to  be  strongly  dependent  upon  past  test  history  of  the  device. 

For  an  exposed  device  immersed  in  a  dielectric  fluid  which  contains 
ions  it  is  necessary  to  develop  a  quantitative  estimate  of  the  conditions 
under  which  surface  inversion  layers  nay  be  formed  which  will  interface 
with  proper  device  operation. 

Consider  first  the  electric  fields  present  near  the  edge  of  a  p-n 
junction  where  the  junction  Intersects  the  surface.  A  reverse  bias  of 
magnitude  will  be  assumed  across  the  p-n  junction.  With  no  ions 
present  in  the  liquid  surrounding  the  junction  the  electric  field  lines 
will  be  as  sketched  in  Figure  3.20.  The  electric  field  lines  extend  from 
the  negative  charge  at  other  surface  of  the  p-region  to  the  corresponding 
positive  charges  on  the  surface  of  the  n-region.  If  the  potential  of 
the  p-side  is  taken  as  zero,  then  the  potential  of  the  n-side  is  Vq  +  V^, 
where  is  the  built-in  potential  across  the  p-n  junction. 

liquid 


Figure  3.20.  Electric  field  lines  at  reverse  biased  p-n  junction. 


The  field  lire  configuration  in  the  dielectric  region  (oxide  layer 
plus  air  or  dielectric  fluid)  above  the  semiconductor  surface  near  the 
p-n  junction  assuming  no  "free  charge"  in  the  oxide  or  at  the  oxide- 
dielectric  fluid  interface,  may  be  determined  by  rigorous  means  through 
solution  of  Laplace's  equation  for  the  potential  function  i(x,  y) 


(3.29) 


subject  to  the  boundary  conditions  at  the  interfaces 


(3.30) 

(3.31) 

(3.32) 


0  -  V  +  V 
o  a 


(3.33) 


on  the  n  side  of  the  junction.  The  solution  of  (3.29)  subject  to  these 
boundary  conditions  can  be  lengthy.  An  alternate  method  is  to  use  a 
conformal  transformation  to  gain  insight  into  the  field  line  distribution. 


_ 


A  model  for  such  a  transformation  is  sketched  in  Figure  3.21.  The 
coordinate  system  origin  is  taken  as  the  midpoint  of  a  symmetrically 
doped  p-n  junction,  with  the  depletion  region  extending  from  x  ■  -a  in 
the  p-region  to  x  *»  +a  in  the  n- region.  A  standard  conformal  trans¬ 
formation  [Ref.  44]  to  the  geometry  shown  in  3.21A  allows  a  simple  solution 
of  Laplace's  equation  (3.29),  which  is  subsequently  transformed  back 
to  the  original  coordinate  system  to  obtain  the  equipotentials  and  field 
line  pattern  shown  in  Figure  3.215.  The  equipotentials  appear  as  confocal 
hyperbolas  and  the  field  lines  as  confocal  ellipses. 


Figure  3.21.  Two-angle  transformation. 


The  magnitude  of  the  field  strength  can  oe  calculated  from  [Ref.  44 j 


,  V  +  V  . 

do  a  -1,  ,  „ 

- -  sin  (~/a)  . 


(3.34) 


This  treatment  ignores  the  layered  structure  of  the  dielectric.  Consideration 
of  the  boundary  condition  (3.31)  indicates  that  the  "vertical"  (y)  component 
of  fields  in  oxide  and  in  the  dielectric  fluid  are  related  inversely  as 
the  permittivities  of  the  two  media.  The  tangential  components  of  field 
are  equal  at  the  interface,  of  course.  Thus,  the  oxide-dielectric  fluid 
boundary  refracts  the  field  lines. 
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If  mobile  ions  are  present  in  the  liquid,  the  negative  ions  will  be 
attracted  toward  the  n-side  and  positive  ions  will  be  attracted  toward 
the  p-sidfc.  This  will  eventually  result  in  a  positive  charge  layer 
above  the  n-side  and  a  negative  charge  layer  above  the  p-slde  as  shown 
in  Figure  3.22.  This  ion  accumulation  has  the  effect  of  decreasing  the 
electric  field  in  the  liquid  above  the  ion  layers,  and  at  the  s3oe  tine 
increasing  the  electric  field  inside  the  oxide  and  at  the  seniconductor 
surface.  If  the  ion  accumulation  is  sufficiently  large  and/or  the  oxide 
is  sufficiently  thin  this  increased  oxide  field  can  cause  surface  inversion. 


positive  ion 
layer 


negative  ion 
iaver 


\  *  ? . r~~7^N  1  i  i 


vj£' 


*\  V  =  V  +  V 

^  o  a 
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Figure  3.22.  Accumulation  of  ions  above  the  oxide. 


The  above  picture  has  to  be  codified  some  if  the  liquid  is  in  contact 
with  a  large  area  ground  plane  such  as  a  metal  housing.  With  the  situation 
shown  in  Figure  3.22,  the  bulk  of  the  liquid  is  at  some  positive  potential 
with  respect  to  the  assumed  zero  of  potential  of  the  p-type  region.  If 
there  is  a  large  area  gound  plane  present  in  the  liquid  the  bulk  cf  the 


liquid  will  be  near  zero  potential  and  the  steady  state  ion  distribution 

* 

will  be  shown  in  Figure  3.23.  In  this  ca£ft  only  negative  ions  can  accunu- 
late  above  the  n-type  region  which  is  at  a  positive  potential.  If  the 
p-type  region  were  at  a  negative  potential  and  the  n-type  regi*;n  were  at 
zero  potential,  positive  ions  would  then  accumulate  above  the  p-type 
region  and  no  ions  would  be  above  the  n-type  region.  Since  these  cases 
are  symmetrical,  only  the  case  shown  in  Figure  3. 23  need  be  considered. 


|  rrhn 


V  -  0 


large  araa 
ground  plane 


In  steady  state  the  accumulated  ions  above  the  n-region  will  have  a 
surface  charge  density  exactly  balancing  the  charge  per  unit  aree  within 


The  potential  of  the  bulk  of  the  liquid  nay  not  be  exactly  at  zero  potential 
but  will  be  close  to  zero.  The  bulk  potential  will  depend  on  the  relative 
areas  of  the  ground  plane  and  the  area  of  the  n-type  region  as  well  as  the 
oxide  thickness.  For  a  large  area  ground  plane  it  should  be  very  close  tc 
zero.  In  any  case  the  assumption  of  zero  potential  leads  to  a  worst  case 
analysis  of  the  oxide  field. 
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the  send conductor.  A  steady  state  voltage  aqua ticc  can  be  written  across 
the  e  charge  layers  and  through  the  oxide  which  states 


V 

0 


V 

a 


VS  + 


Y 

ox 


51 


(3.35) 


where 


«  potential  across  the  negative  ion  layer 
in  the  liquid 


V  *  potential  across  the  oxide 
ox  r 


VCi  =•  potential  across  the  semiconductor  space 
charge  layer. 


If  the  surface  charge  is  not  large  enough  to  fora  an  inversion  layer,  the 


Vgl  term  can  he  written  as 


Si 


f»u  2 

2ES  S 


(3.36) 


where 

*  denor  doping  level  in  semiconductor 
«  width  oi  space  charge  layer  in  semi conduc tor  - 


Wvi  ict  0^  equal  the.  charge  per  unit  area  in  either  the  Ujn  layer  ot 


the  Semiconductor,  the;: 


The  oxide  potential  is 


V  -  E  K  , 
ox  ox  ox 


■S  a  Oc  , 


e  a  a  o 

ox  ox  S 


V  -oc^2. 
ox  Sc 

ox 


The  reaaining  tero  Is  the  potential  drop  across  the  liquid  ion  layer. 


The  ion  layer  oil)  be  In  equilibrium  between  drift  and  diffusion 


effects  and 


K_  ■»  surface  ion  concentration 


S  c«VkT  * 

c 


N  *  bulk  ion  concentration. 


The  ion  concentration  will  also  decay  approxinately  exponentially  with 


distance  as 


a  -  n  <Tx/l i)  , 
o 


where  is  the  Debye  length  giyen  by 


l2'1VJr 


where  c  is  the  liquid  dielectric  constant.  Then  froa  the  above 


°S  ’  qHSLD  m*s\TT  ' 


S  c  (kT 


The  surface  potential  is  then 


kT  .  NS  kT  .  /  °S  \ 

-  t  tn  r  *r  iu\7wr)  ■ 


Substitution  of  the  expressions  for  the  component  voltages  in  terns 
of  the  surface  charge  concentration  gives 

2  2 
v/  » ~ 

V  +  V  «  -  —  +  Z-  —  +  —  In  —~=r  '  (3.48) 

o  a  2c-  qN  Sc  q  e„kTN 

S  ^  D  ox  ^  l  o 


For  a  given  applied  voltage  and  other  parameters,  the  above  equation 
deteraines  the  surface  charge  (in  coulomb /unit  area)  present  in  the 
ion  layer. 

The  above  expression  is  valid  as  long  as  the  semiconductor  contains 
only  a  depletion  layer.  If  la  sufficiently  large  an  inversion  layer 
will  fora.  When  this  occurs  the  above  expression  froa  oust  be  modified. 
When  the  inversion,  layer  terras,  reaains  fixed  at  approximately  its 
value  at  the  ensst  of  inversion.  If  this  value  is  indicated  by  Vgj*t  then 
for  surface  inversion 


V  1-  v  *  V  *"T»0  4-  y 

°  a  Si  S  r«  S 
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taS~  °Si-  wherc  °Si  13  «»e  value  of  surface  charge  at  the  onset  of 
surface  inversion. 

*  approximate  conation  for  avoiding  surface  lQversion  _  ^ 

--  the  above  equation.  the  term  is  w-n  if  thc  bulfc  doplng  ^ 

W"n'  ^  f3C£  Vji*  1,1X1  te  ^^oxinately  equal  to  V,.  They  are  exactly 
equal  if  the  p-n  junction  is  symmetrically  doped  (i.e.,  Nj)  .  „  In 

they  will  differ  at  most  by  a  few  tenths  of  a  volt. 

Then  to  a  good  approbation  at  the  onset  of  inversion 

Va  =  aSi  -25  +  y  . 

Cox  S  (3.50) 

The  Vs  tera  depends  on  the  ion  concentration  in  the  liquid.  For  large 
fon  concentrations  this  tort,  approaches  aero.  Thus  if  „e  require  that 
there  be  no  surrace  inversion  when  this  tern  is  neglected,  surface  inversion 
can  then  not  occur  regardless  of  the  liquid  ion  concentration.  Then 
neglecting  the  Vg  term  surface  inversion  will  not  occur  provided 
V  c 

U  >  ~SSi 

°K  “  °Si  *  (3.51) 

t*.  ■«««.  ftr  u ,  mll  ^  mu 

quantity  and  ia  given  by 


‘(H  • 


V  “  - - 

This  equation  assures  zero  oxide  charce  rf 

the°eff £  iU  thiS  e')uati°n  should  be ’replaced  bv^  3  char«e> 
the  effective  surface  state  and  oxide  charge  ner  ,bL!S1  °sc-  vhore  °ss  is 

or  »■*  »„  2sa,T “j." ss  ru,"““" 
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needed  to  prevent  inversion  as  a  function 


automatically  be  thick  enough  to  prevent  surface  inversion.  This  conclusion 
applies  to  both  bipolar  and  MOS  IC*s.  With  discrete  devices  this  require¬ 
ment  is  not  an  inherent  design  constraint.  Consequently  some  discrete 
devices  =^ght  show  surface  inversion  problems  with  ions  from  the  liauid. 

In  addition  to  the  notion  of  ions  on  the  surface  of  SiO^  layers, 
notion  within  the  bulk  oxide  has  been  extensively  studied.  The  developsent 
of  stable  netal-oxide  seniconductor  field  effect  transistors  (MOSFETS)  has 
been  critically  dependent  upon  ncthods  for  niniaizing  and  preventing  ionic 
charge  notion  in  the  oxide  between  the  gate  electrode  and  the  seniconductor 
region  beneath  the  gate.  The  node!  for  this  effect  is  shown  in  Figure  3.25. 
Positive  Ions,  indicated  by  +  are  shown  in  Figure  3.25A  distributed 
through  the  bulk  of  an  oxide  layer  between  the  cetal  gate  0  and  a  seni¬ 
conductor  channel  region.  If  the  concentration  of  ions  is  sufficiently 
large,  the  surface  of  the  seniconductor  nay  be  inverted,  i.e.,  changed  froa 
p-type  to  n-type.  Sone  order  of  nagnitude  values  of  charge  concentrations 
for  typical  doping  levels  will  be  considered  below.  In  Figure  3.25B  a 
negative  bias  is  shown  applied  between  the  gate  and  source  electrodes 
which  cause  drift  of  the  positive  ions  toward  the  gate  In  the  electrostatic 
field.  Application  of  a  positive  bias,  shewn  in  Figure  3.25C,  will  cause  a 
drift  of  ions  toward  the  seniconductor  surface.  These,  plus  the  applied 
bias,  create  an  inversion  layer  in  the  vicinity  of  the  oxide-scniconductor 
interface. 

The  charge  notion  in  the  oxide  can  cause  a  drift  of  the  JiOSFET  operating 
characteristics  with  tiee.  Snow,  Deal  and  their  co-workers  have  studied 
the  phenomena  of  ion  drift  in  detail  [Ref.  45 J.  Tney  point  out  chat  alkalai 
ions,  particularly  sodiun,  are  the  most  likely  conttininants  involved  in 
such  drift.  Concentrations  on  the  order  of  1  part  per  dllion  are  sufficient 
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Figure  3.25  A.  Initial  condition.  No  bias  applied  to  M3SFET. 

Positive  ions  distributed  in  oxide  bulk. 


Figure  3.25  B.  Negative  gate-to-source  bias  applied. 

Positive  ions  attracted  toward  gate. 


Figure  3.25  C.  Positive  gate-to-source  bias  applied.  Positive  ions 
driven  by  field  toward  sealconductor  surface. 
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to  give  significant  drift  effects.  They  show  that  for  a  general  distri¬ 
bution  of  charge  density  p(x)  per  unit  volume,  as  shown  in  Figure  3.26,  the 
charge  per  unit  area  induced  in  the  gate  octal  is 


and  the  charge  per  unit  area  induced  in  the  M*r»j  conduct  or  at  the  surface  is 


o'  - /*  <^)c(x}dx 
5  •'o  *0 


QS  +  QC  *  'co  -  -/*  0(x)dK 


and  Qq  is  the  total  equivalent  charge  per  unit  area  in  the  oxide. 

To  obtain  an  idea  of  the  order  of  magnitude  of  the  effects  of  such 
an  oxide  charge,  consider  the  following  situation.  The  oxide  thickness 
under  the  gate  is  0.1  urn  (1000  A).  Assume  that  the  charge  is  uniformly 
distributed  in  the  oxide,  i.e.,  p(x)  *  o^,  a  constant.  Then,  from  (3.54) 
and  (3.55) 


■  ’o  /GXn  (-^)dx "  -w2 


4  j?  xix '  ~°^/2 


and  Qg  «  -p^x^  from  equation  (3.56).  For  an  acceptor  doping  level  of 

2  x  10^  per  cn^  of  the  semiconductor,  an  induced  semiconductor  surface 
11  9 

charge  of  about  4  x  10  e  per  cn“  (where  e  is  the  magnitude  of  the  charge 
of  one  electron)  will  be  sufficient  to  make  the  surface  intrinsic.  This 
can  be  induced  by  an  oxide  charge  of 


on  «  2e  x  4  x  10  /10  1  8  x  10  e  per  cm  . 


The  effect  of  the  distributed  charge  is  equivalent  to  a  voltage  impressed 


on  the  g3te  of  about 


M'  .  -Q-/C0 


where  CQ  is  the  capacitance  per  unit  area  of  the  MOS  structure.  Since 
the  dielectric  constant  of  SiO^  is  about  4.0,  the  Cg  value  for  the  assumed 
oxide  thickness  of  1000  A  is 


CQ  -  4.0  x  8.85  x  J0'24/10"5  -  3.54  x  10"8  f/crs2. 


The  equivalent  voltage  from  equation  (3.57)  is 


11  -19 

4  x  10A  x  1.6  x  10 


1.8  volts  . 


This  increment  of  potential  acts  in  addition  to  any  potential  which  is 
applied  to  the  gate  by  an  external  bias  source.  If  the  oxide  charge  has 
drifted  to  the  metal-oxide  Interface,  the  equivalent  voltage  shift  is  zero 


since  a  matching  charge  is  induced  in  the  metal.  On  the  other  hand,  drifting 


of  the  oxide  ions  tc  the  vicinity  of  the  semiconductor  interface  can 
cause  an  equivalent  voltage  shift  of  about 

AV  ■  3.6  volts. 

Therefore,  the  drifting  back  and  forth  of  ions  can  cause  shifts  ranging 
from  0  to  almost  4.0  volts  in  the  gate  to  source  voltage  characteristic. 

In  addition  to  sodiua  ions,  it  has  been  shown  [Ref.  46 J  that  protons 
in  the  oxide  can  be  drifted  under  the  influence  of  an  electric  field. 
Contaminating  protons  can  be  obtained  from  adsorbed  organic  vapors  or 
water  vapor  or  from  the  reaction  of  aluminum  (frequently  used  for  gate 
metallization)  and  water  vapor  [Ref.  47].  Hofstein  [Ref.  46]  gives  a 
diffusion  coefficient  of 

D  «  exp(~0. 73/kT)cm2/sec  (3.58) 

for  protons  in  SiO^  in  a  field  of  2  x  10^  volts/cn.  At  100°  C  this  has 
“6  2 

the  value  of  about  6  x  10  ca  /sec.  In  contrast,  the  diffusion  constant 

-12  2 

for  sodiua  in  SIO^  at  100°  C  is  about  3  x  10  ca  /sec  (using  data  froo 
McDonald  (Ref.  48)).  Thus,  the  action  of  protons  through  SiO,,  is  nuch 
core  rapid  than  that  of  sodiua  ions. 

Many  of  the  experiments  perforced  on  sodiua  and  proton  contaaination 
of  oxides  have  used  high  concentration  sources  of  these  ions  deliberately 
placed  on  the  surface  and  then  diffused  into  the  oxide  at  relatively  high 
temperatures,  typically  250  to  300'  C  (Ref.  46),  or  200'  C  (Ref.  45). 
Using  the  results  of  Snow  et  al  (Ref.  45)  and  McDonald  (Ref.  48),  the 
diffusion  constant  for  sodiua  in  SiO^  is 

D  -  1011  exp(-l. 39/kT)  (3.59) 
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and  that  for  protons  has  been  given  above  in  equation  (3.12).  Regarding 
the  source  at  the  surface  as  constant,  the  concentration  at  a  distance  x 
into  the  oxide  is  given  by  (Ref.  49} 


p(x)  =  e(o)erfc(x/2»'Dt;  .  (3.60) 

The  extent  of  diffusion  frcm  a  surface  source  will  depend  upon  the  con¬ 
taminant  concentration  at  the  surface  u(o),  the  temperature — through  its 
effect  on  D~ and  the  tine,  t,  over  which  the  diffusion  has  occurred. 

Several  different  materials  have  been  tried  as  barriers  to  ionic 
(particularly  sodium)  transport  m  SiO^.  Among  the  glassy  layers, 
phosphosilicate  glass  (PSG)  (Ref.  50]  has  been  effective  as  a  barrier  and 
as  a  "getter”  to  immobilize  sodium  ions  but  is  subject  to  polarization 
effects  which  nay  affect  device  stability.  A  nore  satisfactory  material 
is  silicon  nitride  (Si^«^).  Layers  of  thicker  than  200  A  are 

effective  in  inhibiting  proton  notion  (Ref.  471.  A  layer  1000  A  thic’. 

(0.1  pa)  over  SiO^  has  been  found  to  reduce  the  amount  of  sodium  reaching 
the  SiC^-Si  interface  by  a  factor  of  1000  (Ref.  51}.  Application  of  this 
protection  has  been  effective  in  preventing  degradation  of  current  gain 
in  bipolar  transistor  structures  (Ref.  48)  and  has  been  applied  to  high 
volume  production  of  npn  transistors  by  the  Western  Electric  Company 
(Ref.  52).  For  several  years  nitride  passivated  Integrated  circuits  have 
been  produced  and  used  bv  the  Bell  system  and  others. 

Although  nitride  passivation  has  proved  effective  in  preventing  device 
instability  due  to  ionic  drift  in  the  passivation  layer  over  the  device,  it 
cannot  cure  the  problem  of  drift  due  to  ch»*  accumulation  of  i  charge  layer 
on  the  surface  of  the  device  In  bipolar  levices  (Ref.  48J»  an  accumulation 
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of  surface  charge  on  the  order  of  5  x  10**  per  cm2  can  drastically  reduce 

the  current  gain,  at  low  collector  current  levels,  of  npn  transistcrs. 

12  2 

Much  higher  concentrations  (about  9  x  10  per  cm  )  are  required  to  dograce 
pnp  current  gain  due  to  inversion  of  the  enitfcer  region  surface.  When 
considering  performance  degradation  due  to  increased  leakage  current  in  the 
collector  base  junction,  however,  pnp  transistors  are  much  more  susceptible  ‘ 
than  npn  transistors  to  surface  ionic  accumulations.  This  is  particularly 
true  when  the  induced  channel  region  spreads  to  where  surface  defects  can 
be  encountered.  At  these  defects  there  is  a  much  highe**  carrier  generation- 
recombination  rate,  leading  to  a  *apid  increase  in  leakage  current  [Ref.  53]. 
The  standard  method  for  preventing  this  is  to  diffuse  a  ring  of  highly 
doped  material  around  the  periphery  of  the  chip  to  prevent  the  channel  from 
extending  to  the  highly  disturbed  scribe  lines  at  the  edge  of  the  chip 
[Refs.  52,  53]  •  Another  method  is  to  use  ar.  additional  metal  ring  ("Equi- 
potential  ring")  to  overlap  the  junction  region  to  prevent  inversion  layers 
from  forming  [Ref.  48} » 

In  addition  to  electrostatic  effects,  electrochemical  effects  occur 
on  semiconductor  surfaces,  which  nay  result  in  device  degradation  and 
eventual  failure  [Ref.  54] .  Aluminum,  widely  used  for  metallization  of 
transistors  and  integrated  circuits,  will  react  with  water  in  the  presence 
of  tr3ce  quantities  of  ions  of  chlorine,  acaonium,  copper  and  iron,  among 
others.  The  reaction  will  continue  as  long  as  water  is  available  and  nay 
eventually  lead  to  an  open  circuit.  Built-in  potential  differences  due  to 
couples  of  dissimilar  metals  or  p-n  junctions  can  locally  enhance  this 
corrosion.  Gold,  another  commonly  used  conductor,  is  susceptible  to  gradual 
dissolution  by  water  when  chloride  ions  are  present. 
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Protection  against  such  corrosion  can  be  obtained  by  coating  the  device 
tfith  a  polymeric  stoisz?*"  Carrier.  blliccne  resins  have  beer,  found  effective 
for  £his  purpose  ‘Ref.  55]-  Another  method  is  to  use  a  glass  fric  suspended 
In  a  volatile  liquid.  Application  o!  heat  «t  *i  te hundred  degrees  centigrade 
evaporates  the  liquid  and  fuses  the  frit  tc  fora  a  glass  envelope  ever  the 
circuit.  If  the  glass  layer  is  too  thUx,  thermal  stresses  promote  cracking. 
One  investigation  has  reported  that  2  to  C.  5  teicr^netcrs  will  provide 
satisfactciy  protection  without  cruckfhe  f^ef.  56] *,  These  coverings,  along 
vitrh  the  increasing  use  o;  passivation  signal  efforts  by  the  seal- 

conductors  industry  to  provide  h^raeLici ty' at  the  chip  level,  in,, order  to 
obviate  the  need  for  henssniceny  sealed- packages.  These  are  expensive 
and  the  if.dw.ixy  u«uld  ptefor  to  replace  them  witu  plastic  encapsulation 
where ver  possible. 

In  sumazary,  past  experience  with  icicle  coo  taisi  nation  of  semiconductor 
devices  has  show  that  such  contamination  can  significantly  affect  the 
operation  of  these  devices  by  changing  parameter?  such  as  leakage  currents, 
transistor  current  gain  and  p-o  junction  breakdown  ye lCago'A  or  by  coyroding 
metallization.  In  recent  years  there  has  been  on  increasing  effort  by  the 
>eoic:vr.‘.t:uc*or  industry — urged  and  financed  in  large  measure  by  £0D — Co 
provide  more  eu'active  protection  against  such  ccutsmi nation  at  tfcs  chip 
lovei.  At  orient,  however,  few  devices  ire  available  wichsuch  protection. 
Consequently*  it  Is  highly  probable  that  rsost  semiconductor  devices  usee 
by  a.  system  design  engineer  tor  outboard*?!  electronic  systems  for  the  next 
f«?  years  at  least  will  fotili  be  susceptible  to  ionic  contamination  of  the 
chip.  If  *ub3Cquer:t  analysis  and  test  programs  indicate  thivl  there  will 
bir  ionic  ccntarjinants  present,  Ch?ie  will  be  a  need  to  idenfify  a  suitable 
passivating  material  which  could  be  routinely  applied  to  chips  ear-marked 
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for  icanerseci  system  operation.  Ac  preseat  the  most  likely  candidate  is 
e  conformal  polymeric  coating,  applied  and  cured  at  temperatures  too  loc 
to  degrade  the  properties  of  the  semiconductor  device. 

3.3.2  Experimental 

When  opening  TO-cans  containing  germanium  alloy  transistors, 
either  high  power  types  or  small  signal  types,  it  van  noted  that  exposure 
to  laboratory  atmosphere  caused  an  immediate  shift  Of  collector  I-V  char¬ 
acteristic  curves.  Generally  leakage  current  was  increased  and  the  slope 
of  the  curves  Increased.  This  ie  illustrated  in  Figure  3.27  which  shows 

the  change  in  characteristic  curves  for  a  2H1412  (Ge  alloy,  PH?,  150  watt 

* 

rating,  manufactured  by  Hotorola).  Immersion  in  £C  2C0  in  the  pressure 
chandler  restored  the  original  curve  shapes  to  a  large  extent  initially, 
as  shown  in  Figure  3.28.  Also  shown  in  Figure  3.28  ore  the  consequent 
shifts  when  the  dovice  was  pressured  to  3000  and  to  6000  psi.  The  last 
change  was  abrupt  and  the  curves  remained  with  this  shape  when  the  pressure 
was  reduced  to  one  atmosphere.  The  device  was  apparently  mechanically  damaged, 
evidenced  by  sensitivity  to  probing  around  the  periphery  of  the  base. _ 

Small  signal  Ge  alloy  transistors,  type  2H526,  were  also  found  to 
change  characteristics  when  exposed  to  laboratory  atmosphere  or  Issuers ed 
in  DC  200  fer  a  short  time.  In  one  case,  a  coating  t>f  room  temperature 
vulcanizing  silicone  rubber,  KTV  3144  was  used  to  coat  a  2B526  transistor 
chip  immediately  after  the  cap  was  removed.  This  w£n  cured  overnight  at 
room  temperature.  The  transistor  was  tested  to  14000  psi  snd  found  to 
keep  the  original  collector  1-7  curve  shape.  This  confirmed  the  theoretical 
prediction  that  pressure,  per  se,  up  tc  1C00  atmospheres  would  not  signifi¬ 
cantly  influence  device  operation.  It  also  indicated  that  an  affective 
possivant  would  allow  operation  to  deepest  ocean  pressures. 


Sow  Corning  product. 
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A.  Collector  I-V  curves  at 
roo*  teaperature  prior 
to  opening  of  package 
(TO-36) 


1 

: 


3,  Collector  I-V  characteristics 
at  rooai  teaperature  after 
package  has  been  cpssed 
and  device  exposed  to 
laboratory  etsosphere. 


31412  tsk  Ce 


Silicon  transistors,  both  power  and  snail  signal,  bipolar  and  MOSFET 
showed  no  significant  change  in  operating  characteristics  when  exposed  to 
laboratory  atmosphere  or  DC  200.  Even  when  an  atteapt  was  made  to  contam- 
inate  DC  200  with  aqueous  NaCl  solution— of  the  sane  chloride  ion  concen¬ 
tration  as  sea  water — no  changes  were  noted.  It  should  be  pointed  out 
that  these  were  short  tern  tests,  several  days  at  cost. 

Very  dilute  solutions  of  NaCl,  ISO  ppn  salt  concentration,  in  distilled, 
demineralized  water  were  applied  directly  to  the  silicon  chips  of  small 
signal,  1— noise  transistors,  Fairchild  types  2N2483  and  2484.  typically, 
the  base-emitter  forward  bias  curves  were  recorded  before  the  hermetic 
seal  was  broken,  immediately  after  opening  in  laboratory  atmosphere, 
after  the  dilute  salt  solution  was  applied  and  dried  in  room  temperature 
air,  and  after  the  salt  residue  was  thoroughly  rinsed  away  by  distilled, 
demineralized  water  (ddH20)  and  the  unit  dried  in  air  or  nitrogen. 

Figure  3.29  shews  the  result  of  one  series  of  tests.  The  low  level 
emitter-base  current  is  increased  by  a  factor  of  about  200  by  exposure 
to  laboratory  air.  Not  much  improvement  was  gained”  in  a  humidifier. 

Another  200  fold  increase  is  obtained  due  to  the  salt  solution  residue 
on  the  device.  That  this  is  a  surface  effect  is  evidenced  by  the  restora¬ 
tion  of  "original"  in  air  behavior  following  a  ddH^O  rinse  and  drying  in 
nitrogen. 

An  effort  to  repeat  the  process  on  the  same  unit  was  not  successful 
because  of  an  open  circuit  which  developed  when  the  A1  lead  wire  from  one 
of  the  posts  in  the  header  to  the  emitter  metallization  parted  near  the 
post.  Although  this  might  be  attributed  to  mechanical  failure  due  to 
rinse  water  impinging  on  the  wire,  it  was  probably  enhanced  by  chlorine 
corrosion  of  the  aluminum.  Evidence  for  this  was  secured  with  two  other 
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All  Curves  Forward  Bias 


Hermetic  seal  tntect. 

Cap  off  -  lo  lab.  sir. 

Cap  off  -  in  debuBldifier 
After  cleaning  with  acetone. 
ff?2°  rlnst  *  <*rr  In  H, . 

130  ppm  salt  sol.  dried  on  device 
tfdHjO  rinse  -  dry  In  N, 

130  pp«  salt  solution  dried 
'on  device 

ddHJ)  rinse  -  dry  in  H, 


— - 1 - U 

0,6  o,7 
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2N2483  devices  which  were  deliberately  contaminated  with  "as  is”  seawater 
followed  by  an  acetone  rinse  or  a  ddHo0  rinse.  In  both  cases,  a  lead 
opened  up.  In  one  of  these  devices,  the  progress  of  the  deterioration 
could  be  followed.  Curves  for  this  device,  2N2433-25,  are  shown  in 
Figure  3.30.  It  had  previously  been  contaminated  with  150  pno  salt  solution 
and  rinsed  in  acetone,  to  avoid  complete  removal  of  the  salt.  The  series 
of  curves  was  taken  with  electrical  bias  applied  only  during  the  tine 
taken  to  plot  the  curve,  about  30  seconds.  The  a) uninun  wire  base  lead 
had  parted  and  the  aluminum  octal lization  appeared  to  be  severely  attacked. 

Although  the  use  of  undiluted  seawater  is  unrealistic  from  the  point 
of  view  of  oil  immersed  operation,  the  rapidity  of  the  failure  points 
out  the  problen  that  pay  result  froa  Ion::  term  exposure  to  ouch  lower 
levels  of  contaminants-  First,  there  can  be  an  electrical  effect  on 
device  paracetcrs,  particularly  in  low  level  signal  processing,  and 
secondly,  there  can  be  corrosive  attack  on  the  devices  if  the  oil  becomes 
contaminated. 

A  long  tern  Inversion  test  was  initiated  using  some  devices  which  had 
been  previously  opened  and  pressure  tested  as  well  as  some  which  had  not. 
-light  MOSFET  devices,  tabulated  below  in  Table  3.5,  were  dccapped  and 
immersed  on  4/10/72  in  Dow  Coming  200  silicone  oil.  No  attempt  was  cade 
to  contaminate  the  oil  other  than  the  natural  contamination  due  to 
routine  handling  of  the  components  and  circuit  beards.  Prior  to  inaersion, 
photographs  were  made  of  the  characteristic  curves  for  each  device  and 
the  drain  to  source  voltage  drop  was  measured  for  each  device  in  thermal 
equilibrium  in  laboratory  air  with  a  supply  voltage  of  10  volts.  Following 
immersion,  the  supply  voltage  was  increased  to  15  volts  to  bring  device 
dissipation  close  to  the  rated  250  milliwatt  value  during  the  immersion. 
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Ta'vic  Z  5:  Percentage  change  in  drai'.  Mirn-i  "s  on  various 

days,  compared  to  drain  < urrent 


Percentage  change  in  dr.iir.  '  arre.it  on  e.ite 


Device 

9/29/72 

11/6/72 

11/6/72* 

11/7/72 

3/12/73 

3X157-13 

+14 

-14 

*  { A 

+21 

+14 

3X157-12 

+50 

-*-6  7 

+  67 

-75 

+6/ 

M163-2 

+20 

-*20 

-20 

+20 

M163-1 

•*•6 

+6 

-*-6 

+  !2 

+6 

3K 152-2 

j-2 

.j  * 

'2 . 

-23 

+20 

3X152-1 

+9 

-3-5 

-3.5 

-3.5 

-4.0 

2X3796-4 

+4.7 

^250 

+  13 

-;n 

0 

2X3796-3 

0 

-2-5 

-2.5 

-5 

-7.5 

♦Following  TCr-  and  acetone  cleaning 


Bipolar  devices  were  checked  in  a  similar  manner  prior  to  immersion. 

Figures  3.31  and  3.32  show  the  circuit  diagrams  used  for  both  bipolar  and 
MOSFET  devices.  Oil  bath  temperatures  were  about  40°C. 

During  11  months  of  immersion,  the  exposed  bipolar  devices  showed  a 
drift  of  collector  current  of  only  5.5  percent  oaxlauu.  This  was  not  uniform, 
but  has  varied  from  time  to  time.  This  variation  was  within  that  expected 
freo  meter  accuracy  and  changes  in  ambient  temperature  of  a  few  degrees 
centigrade.  Immersed  operation  appears  not  to  have  changed  these  devices. 

For  the  MOSFET  devices,  there  was  an  initial  shift  in  current  values 
from  the  cine  of  first  immersion  to  the  check  made  about  six  months  later. 

The  amount  of  this  shift  and  that  measured  for  each  of  the  devices  en 
subsequent  measurements  is  shown  in  Table  3.3  Except  for  one  device, 
the  amount  of  device  current  change,  referred  to  the  initial  value,  appeared 
to  be  relatively  stable.  On  11/6/ 72,  are roxima tel v  7  non: ns  after  the 
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initial  im&ctsiun,  the  radical  incicose  m  the  currer*-  of  device  2N3796-4 
prompted  .1  closer  look  at  the  test  devi.«*s. 

Since  ii  is  well  knuvi  that  the  c.hmv  *  -ante  c*  the  }K)S  gate-oxide-si  li<  on 
structure  o‘  a  MOSFKT  depends  u^on  the  onfc  change  distribution  In  Che  oxide, 
among  othet  things,  provisions  were  rue.  t-»  r.t  *  ii\.  f'ns  parameter  for 


the  test  devices.  Plots  td  the  gat 


-u ’strata  capacitance  as  a  :  unction 


of  voltaee  were  made  for  each  d**v:  t  >;  »  r  to  .1  id  aHsc.,fi*nt  to  surface 
cleaning  with  electronic  grade  erica  lor  out!:  ionc  (TCP)  and  acetone.  OnI> 
one  device,  2N3796-4,  showed  an  itv.edj  eliect  in  drain  <uircnt  change 
following  the  cleaning,  but  there  wjt>  no  detectable  change  in  the  C-V 
characteristic  of  this  device.  This  indicated  that  no  change  in  charge 
distribution  in  the  oxide  bulk  had  occurred,  hut  that  perhaps  some 
surface  effect  was  operative. 

"he  data  of  Table  3.5  shov;  that  for  most  devices  there  was  an  increase 
of  dnin  current.  One  jossible  explanation  for  this  would  be  a  long  tern 
drift  of  positive  charge  in  the  oxide.  In  the  case  cf  n  channel  devices 
a  p-»s  tive  gate-source  bias  drifts  positive  charge  toward  the  p-type 
- 1  lie  '  substrate,  attracting  negative  viiurne  carriers  to  increase  the 
n- channel,  causing  nore  current  flow.  In  the  case  of  p-channel  devices, 
the  neg3ti/e  gate-source  bias  would  drift  positive  ions  toward  the  gate 
where  thev  could  be  compensated  by  negative  charge  cn  the  pate.  This 
would  remove  the  inhibiiory  effect  these  positive  charges  have  on  the 
forma  Mon  and  inc  lease  <»f  a  p-channeJ.  These  positive  charges  arc 
"boil!  in1'  during  the  device  oanufact urlrp  process  to  an  extent  depending 
upon  the  expertise  of  the  'ufarturr^  in  proving  "clean"  oxides.  The 
drifts  observed  raav  be  inherent  in  the  a->  manufactured  devi<  cs. 


As  a  check,  three  de-capped  devices  and  four  devices  with  caps  intact 
were  tested.  All  were  p-channel  MOSFET's,  type  311157.  These  were  connected 
as  shown  in  Figure  3.32  except  for  the  gate  connection,  which  could  be 
changed  to  allow  connection  to  -15V,  ground  or  to  a  pulse  source  for  a 
check  of  pulse  gain.  Table  3.6  shows  the  change  in  drain- to-source  voltage 
which  occurred  under  various  bias  conditions.  All  voltage  checks  were 
made  in  air,  allowing  15  minutes  for  temperature  stabilization.  After 
the  initial  check,  on  10/18/72,  the  devices  were  operated  in  DC  200,  10 
centlstokes.  The  bias  was  changed  as  noted  in  the  table. 

In  the  first  26  hours  following  immersion,  there  was  a  decrease  in 
current  through  all  devices  to  a  value  which  remained  constant  over  tho 
next  four  days.  A  twenty  four  hour  application  of  a  positive  15  volt 
gate  bias  followed  by  application  of  -15  volts  just  prior  to  measurement 
gave  a  further  decrease  in  current  (i.e.,  lower  1R  drops  in  load  resistors, 
hence  higher  drain  to  source  voltages).  This  effect  was  reversible  by 
application  of  negative  15  volt  bias  again  for  a  period  of  time.  Handling 
of  the  devices  cook  its  toll.  The  lack  of  recovery  shown  by  uncapped  device 
3N157-15  was  followed  by  eventual  total  failure  (open  circuit).  Similar 
failures  of  two  capped  devices,  -20  and  -21  occurred  during  subsequent 
testing  such  as  pulse  gain,  CV  plots,  etc.  Device  3H157-15  failed  due  to 
a  break  in  Che  drain  lead  wire  adjacent  to  the  wedge  bond  on  the  drain 
pad  of  the  device.  The  break  appeared  to  be  due  to  mechanical  reasons. 

After  failure  311157-20  was  also  deespped  and  found  to  have  a  parted  lead 
to  the  source.  Again,  this  occurred  at  the  wedge  bond  and  appeared  to 
be  due  Co  mechanical  reasons.  Device  3N157-21  was  also  decapped  after 
failure.  The  reason  for  failure  was  a  burnout  of  the  aluminum  metallization 
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between  the  source  pati  and  the  curvilinear  aluainun  source  strip  around 
the  periphery  of  the  device.  This  was  due  mo3t  likely  to  an  icproper 
Insertion  in  an  electrical  circuit  during  testing. 

As  shown  in  Table  3.6  each  device,  capped  or  de-capped,  experienced 
a  decrease  in  drain  current  for  a  given  bias  (-15  volts)  ever  a  period  of 
time  except  for  3K157-19  which  experienced  an  IS  percent  increase.  This 
seems  to  contradict  the  results  cited  previously,  where  practically  every 
uncapped  KOSFET  experienced  an  increase  ir.  drain  current.  However,  in 
the  previous  test  device  dissipation  was  limited  by  using  a  10V  drain 
bias  for  neasurenent  in  air,  whereas  in  the  present  test  15V  was  used. 

During  the  15  minute  wait  for  stabilization,  the  devices  heated  well  above 
ambient.  In  a  field  effect  device,  the  transconductance  is  directly  pro¬ 
portional  to  the  nobility  of  the  channel  charge  cerrlers.  The  nobility, 

in  turn,  is  a  function  of  tenperature.  For  the  relatively  lightly  doped 

-2  5 

material  conoonly  used,  the  nobility  will  vary  approximately  as  T 
(Ref.  21].  The  nuch  higher  dissipation  cf  the  second  test  series  (about 
450  ewatt  per  device  versus  abouc  250  ewatt  before)  would  account  for 
this  shift. 

Based  upon  the  data  reported  above,  however,  the  following  conclusions 
can  be  drawn: 

1.  Bipolar  devices  are  relatively  unaffected  by  operation  in  DC  200. 

2.  There  is  some  Inherent  drift  i.i  MOSrET  transconductance  character¬ 
istics  under  high  bias  (gace  voltage  near  that  of  drain  voltage). 

3.  In  addition  to  the  inherent  drift,  surface  conditions  way  influence 
KOSFET  performance. 
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3.3.3  i-ffects  c>'  t'.vice  C^c-'Ation  .#ca'  'irans’cr 

As  *s  wall  known,  variations  of  u-r^eraiure  ca.  cause  variations 
in  the.  operating  parameters  of  semiconductor  device**.  leakage  curr*  *l,  i,  , 
£?nnsister  current  gam.  h^...  and  junction  forv-:r<.  vo3t«.~c  urep  at  constant 
currant,  -'r „ ,  are  all  sensitive  to  tepneratyre  changes.  For  silicon 
tx>.r,3J,$tors  t>plcal  figures  are  -Sef  57] 

Is  ccabl^s  with  a  12°  to  ib"  C  increase, 

V_e  decreases  at  apoat  2  mill  volts  per  t °  C  increase. 

afi 

The  change  in  current  gain  with  temperature  depends  upon  the-  way  in  which 
the  device  is  isade.  A  recent  study  [Ref.  58}  found  that  for  an  80*  C 
change,  froa  -55°  C  to  25°  C.  the  d-c  cosncn-eaf tter  current  gain  changed 
as  shown  in  Table  3.7. 

Table  3.7:  Change  of  current  gain  with  temperature  tRef.  58] 


Device  Type 

-55°  C 

25°  C 

hr.{25°C)/hR. 

Single  diffused 

89.5 

99.0 

1.12 

Single  diffused 

50.0 

66.7 

1.34 

lies  a 

46.5 

79.5 

1.71 

Mesa 

37.0 

70.0 

1.89 

Fec-u 

28.0 

59.0 

2.10 

Mesa 

34.5 

76.5 

2.20 

Planar 

11.0 

24.5 

2.33 

Planar 

8.5 

22.0 

2.60 

Planar 

44.0 

130.0 

2.96 

Planar 

25.0 

76.5 

3  04 

Kan y  techniques  have  been  devised  by  circuit  designers  to  minimise 
the  effects  of  temperature  changes  on  circuits  using  semiconductor  devices, 
targe  area  beat  sinks  are  employed  to  improve  dissipation  from  power 
controlling  devices  such  as  rectifiers,  SCR's  and  power  transistors.  It 
is  of  interest  to  the  system  design  engineer  to  know  to  what  extent  the 
heat  transfer  from  semiconductor  devices  will  be  altered  by  immersed 
operation. 

As  is  well  known,  many  large  power  transformers  operating  at  atmospheric 
pressure  are  immersed  in  a  dielectric  liquid  (oil)  which,  among  other  uaes, 
serves  as  a  heat  transfer  medium.  The  heat  transfer  is  usually  accomplished 
by  free  convection  and  by  conduction  through  the  oil.  Generally  the  heat 
transfer  rate  Is  significantly  greater  in  a  liquid  than  in  air  for  a  given 
temperature  drop  between  the  heated  object  and  the  surrounding  medium. 

This  fact  has  prompted  a  careful  look  at  liquid  cooling  of  high  density 
microelectronic  circuits.  A  recent  study  (Ref.  59)  has  compared  frie 
convective  coding  in  air  with  free  and  forced  convective  cooling  in 

Freon  113  fluid  and  Dow  Corning  209  silicone  oil  of  microelectronic  circuit 
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chips.  Figure  3.33  shows  the  heat  flux  in  wates/cs  from  the  semiconductor 
surface  as  a  function  of  the  temperature  drop  from  the  surface,  at  Tg,  to  the 
ambient  fluid  at  T  *  C.  For  example,  at  AT  »  Tg  -  Ta  »  10“  C,  free  con¬ 
vective  cooling  by  silicone  oil  dissipates  three  tines  as  much  heat  per 
unit  area  as  occurs  in  free  air. 

Although  enhanced  cooling  can  be  expected  due  to  immersion  in  tbe 
oil,  consideration  must  be  given  to  how  the  free  convective  hue-  .ransfer 
in  oil  might  be  influenced  by  pressure.  Pressure  vill  be  expected  to 
Increase  density  and  viscosity — leading  to  a  decrease  in  convective  heat 
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transfer— and  increase  the  thermal  conductivity — leading  to  an  increase  ia 

conductive  heat  transfer.  The  change  in  overall  heat  transfer  rate  on 

going  from  atmospheric  pressure  to  pressures  as  high  as  1000  atmospheres 

will  depend  upon  the  relative  magnitudes  of  the  opposing  effects.  For 

free  convection,  the  heat  transfer  coefficient,  h  ,  defined  bv 

c  * 

he  -  q/AAT  (3.61) 

vhere  q  is  the  energy  transferred  per  second,  A  the  area  of  the  dissipating 
surface  and  at  the  temperature  drop  from  surface  to  ambient  fluid,  is 
proportional  to  the  density,  p,  viscosity,  u,  and  thermal  conductivity, 
k,  of  the  fluid  as  shown  below  [Ref.  SO). 

h,  -  const  X  k[L3p2gB(AT)/y2]a  (C?u/k)b  (3.62) 

The  exponents  a  and  b  depend  upon  the  geometry  of  the  heat  dissipating 
surface.  For  horizontal  aqaere  plates,  the  exponents  are  equal,  a  »  b, 
and  their  value  depends  upon  the  range  of  values  of  the  parameters.  The 
dimensionless  parameter  group  in  square  brackets  raised  to  the  a1*1  power 
in  equation  (3.62)  is  called  the  Grasbof  number,  symbolized  Gr,  and  the 
dimensi' nless  parameter  group  raised  to  the  power  in  (3.62)  is  called 
the  Prandtl  number,  synboliced  Pr.  Using  parameter  valuss  typical  of 
10  centiateke  BC2G0,  namely 

3 

p  »  0.934  gr/ca 

y  “  p/p  «  0.1  stoke 

Cy  -  0.35  cal/go/*C 

-4  v 

k  *  3.2  x  10  gr  cal/sec/ea'V'C/ca 

8  s-  1.08  x  10"  Vc 
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(Source:  Dov  Corning  bulletin  22-069,  dated  10/ 7 1 J  and  assuninc  !. 
■IT  -  25flC, 


Gr  ■=  2.65  x  10“ 


Pr  -  1.02  x  10 


and  the  product  is 


Cr  Pr  «  2.71  x  108. 


According  to  HcAdaas,  in  this  range  of  paraaetcr  values,  a  »  b  »  1/3. 
Therefore, 


.0.67  -0.33 
nc  a  k  u 


and  the  ratio  of  hc  at  1000  staospheres  to  that  at  1  ataosnhere  will  be 


h  (1000) 


0.67  ,  ,0.33 


c^uuw  /k  y-0'  /u  0 


where  the  o  subscripts  denote  reference  (1  atraosphere)  conditions  The 
rial. on  for  fluids  of  thermal  conductivity  and  viscosity  with  pressure 
(Spends  upon  the  coaplexlty  of  the  aoiecuies  of  the  fluid.  Viscosity 
varies  roughly  exponentially  with  pressure,  as  shown  in  Figur.  3.34A 
| Ref.  29,  p.  82).  Thera.il  conductivity,  however.  Increases  n  lower  rate 
with  incrcd.  tng  pressure  Data  on  two  different  fluids,  net w 1 alcohol  and 
fso-aayl  alcohol  [Ref.  29,  p-  92)  is  plotted  in  Figur*  3.34B.  The  variation 
is  slightly  sublinear.  For  the  two  fluids  shown,  even  thong*  of  different 
r»olccular  structure,  the  increase  Is  about  the  saae»- roughly  20  ocrcent  at 
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1.  Hugenol  (30*C) 

2.  Silicone  (CHj^SiOSi  (CHj>2 
0Si(CH3)3 

3.  i-C3K?0H 

4-  £-SH12 

5.  n-C3H?0H 


C2H30H(30*C) 


8.  K20(0‘C) 

9.  HgOO'C) 


Pressure  (X  10J  ata) 

Figure  3.34A:  The  viscosities  of  sone  cocpressed  liquids.  The  oeasure- 

11™°*  tCOperature  **  Nervine 


3&0 300C  lOuO  5060 
Pressure,  atmospheres 


-(ch3)2ch(ch2)2oh 


Figure  3.34B:  Change  of  thermal  conductivity  with  pressure  for  a  liquid 

of  staple  molecular  structure  and  a  liquid  of  complex 
structure  [Ref.  29J.  coeprex 


1000  atmospheres  and  33  percent  at  2000  atmospheres.  Using  the  curve  for 
silicone  fluid  In  Figure  3.  34A,  there  is  about  a  threefold  increase  of 
viscosity  at  1000  atmospheres.  Using  a  20  percent  increase  in  thermal 
conductivity  at  1000  atmospheres  as  typical. 


h  (1000) 


0.67 


Ml) 


*  (1.2)  (0.33) 


,0.  33 


0.79  . 


There  will  be  about  21  percent  reduction  in  heat  transfer  capability  due 
to  the  pressure. 

As  a  test  of  whether  ox  not  this  optimistic  forecast  can  actually 
be  achieved,  two  power  transistors  in  TO-66  cans  were  de-capped  to  allow 
operation  in  contact  with  DC  200  silicone  oil,  10  centistokes  viscosity,  at 
pressures  ranging  from  atmospheric  to  15,000  psi.  The  silicon  chips  of 
both  devices  were  coated  with  a  white  polymeric  substance  by  the  manufac¬ 
turer,  Motorola.  The  planar  silicon  power  transistors,  a  2X4232  (NPN)  and 
«.  2X3740  (PNP)  were  connected  as  shown  schematically  in  Figure  3.35.  The 
circuit  board  was  attached  to  the  sheathed  iron  constantan  thermocouple 
•hlch  penetrates  the  pressure  chamber  along  wich  the  electrical  leads. 

Tne  position  is  shown  in  Figure  3.36.  The  voltage  drops  V^,  V^,  and 
.i  ccd  on  Figure  3.35  were  nonitored  to  determine  base  and  collector 
or rents  in  the  devices-  These  were  monitored  with  the  devices  operating 
'  DC  2CC  at  atmospheric  pressure,  5000  psi,  10GG0  psi  and  15000  psi. 

A  plot  of  the  power  dissipated  by  each  transistor  and  the  collector 
current  of  each  as  a  function  of  time  is  given  in  Figure  3.37.  Also  shown 
is  the  oil  temperature  indicated  by  the  monitoring  thermocouple.  Each 
time  the  chamber  pressure  was  increased  the  temperature  increased  for  a 
short  tine  and  then  settled  back.  The  collector  currents  and  power 
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dissipation  of  the  transistors  followed  these  temperature  variation a, 
with  the  KPN  284232  apparently  acre  sensitive  to  the  changes  than  the 
PN?  2N3740. 

Although  the  temperature  indicated  by  the  thermocouple  remained 
relatively  constant — except  for  puap  up  surges — the  transistor  currents 
fluctuated  somewhat,  with  the  fluctuations  of  the  2N232  larger  than 
those  of  the  283740.  The  input  base  currents  during  the  experiment 
varied  by  less  than  one  percent  in  the  case  of  the  284232  and  about  two 
percent  in  the  case  of  the  283740.  These  variations  did  not  always  synch¬ 
ronize  with  the  collector  current  fluctuations.  A  possible  reason  for 
the  284232  device  fluctuations  appeared  when  this  device  failed — at  12000 
psi  after  having  been  pressured  to  15000  psl.  Subsequent  examination 
revealed  that  the  emitter  lead  bad  parted  from  the  terminal  post.  The 
stitch  bond  on  this  lead  had  been  made  at  the  very  edge  of  the  post.  The 
leads  to  the  metallization  on  the  chip  are  protected  by  a  polymeric 
coating  against  vibrational  stressea,  but  not  at  the' post.  It  is  likely 
that  the  vibration .created  during  removal  of  the  top  of  the  cap  ruptured 
the  bond,  but  it  did  not  part  until  late  in  the  experiment,  for  an  unknown 
reason.  It  is  possible  that  adhesion  between  the  polymeric  coating  and 
the  lead  was  good  enough  to  support  forces  leading  to  rupture  of  a  pre¬ 
viously  weakened  bond.'  A  schematic  sketch  of  this  is  shown  in  Figure  3.38. 

The  bulk  modulus  of  polymeric  materials  is  generally  much  lower  than  that 
of  many  other  solids,  leading  to  greater  deformation  under  pressure.  Such 
deformation  is  suggested  by  the  arrows  in  the  .polymeric  coating  in  the  sketch. 
The  total  force  developed  along  the  wire,  symbolized  by  the  reaction  force 
Fg  developed  at  the  bond  area,  may  be  sufficient  to  rupture  the  bond, 
particularly  if  it  has  been  previously  weakened  by  vibration  or  other 
mechanical  stress. 
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Figure  3.38:  Schematic  Representation  of  Forces  Developed 
on  Lead  Wire  by  Polymer  Compression. 

In  spite  of  the  device  failure — which  would  have  probably  occurred 
sometime  during  normal  (hermetically-sealed)  operation  with  a  sufficient 
vibrational  input — the  experiment  was  useful  in  indicating  that  the  DC  200 
was  capable  of  providing  a  good  heat  transfer  even  at  15000  psi.  A 
subsequent  check  of  the  2N3740  mounted  on  the  same  circuit  board  in  air, 
using  a  30  volt  supply  and  the  same  base  current  drive,  gave  an  initial 
Ic  »  171  mA.  The  transistor  heated  rapidly  and  by  two  minutes  had  reached 
203  oA  and  was  still  rising.  The  polymeric  coating  over  the  device  started 
smoking  and  lifted  away,  so  the  experiment  was  halted.  A  subsequent  curve 
tracer  check  revealed  that  the  transistor  was  still  good.  This  exercise 
provided  a  graphic  demonstration  of  the  cooling  provided  by  the  DC  200  even 
at  15000  psi. 

The  data  from  this  test  are  inconclusive  as  to  whether  or  not  the 
heat  transfer  slightly  improves  with  pressure,  but  they  do  indicate  that 
substantial  cooling  occurs  due  to  immersion  and  Chat  the  heat  transfer 
rate  is  decreased  little,  if  at  all,  at  15000  psi.  This  result  is  very 
promising  for  the  operation  of  power  dissipating  electronic  components  to 
the  deepest  ocean  pressures. 


4.0  CONCLUSIONS 

"Contemporary  electronic  components  will  withstand  and  Indeed  function 
at  the  deepest  ocean  pressures"  -  a  review  of  the  literature  describing 
the  operation  of  existing  outboarded  electronic  systems  is  ample  proof  of 
this  statement.  Aside  from  the  fact  that  there  are  operational  systems 
which  testify  to  the  practicality  of  outboarded  electronics,  the  literature 
also  indicates  that  there  are  also  many  other  devices  which  have  been 
tested  and  appear  to  be  outboarding  candidates  [Ref.  6].  What  the  liter¬ 
ature  does  not  establish  is  the  art,  technology  and  criteria  needed  to 
select,  reject,  apply,  and  test  for  potential  usefulness.  The  present 
study  has  attempted  to  uncover  some  of  the  fundamental  problems  and 
solutions  which  will  be  encountered  in  outboarding  contemporary  electronic 
components.  The  following  paragraphs  document  some  of  the  conclusions 
from  the  study. 

4.1  Pressure  Effects 

The  first  and  fc  _ sst  conclusion  is  that  most  electronic  materials, 

metals,  semiconductors  or  dielectrics,  are  unaffected  by  either  the  pressure 
of  interest  for  ocean  use  or  typical  pressure  transmitting  fluids.  This 
Is  particularly  true  for  solid  forms  such  as  crystals,  films,  and  vires. 

There  is  ample  proof  that  these  material  forms  are  not  sensitive  to  pure 
hydrostatic  pressures  in  the  range  of  interest  for  present  or  future  Naval 
operations.  On  the  other  hand,  granular  and  pressed  powdered  materials 
are  very  sensitive  to  pressure  and  consequently  components  made  from  these 
material  forms  should  be  avoided. 

Non-hydrostatic  stresses  induced  by  housings  as  the  result  of  voids, 
mismatch  in  elastic  properties  and  stresses  induced  at  the  time  of  manufacture 
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can  and  often  do  cause  device  failures  to  occur  with  the  electronic 
materials.  In  almost  all  cases  for  semiconductors  and  dielectrics,  the 
electronic  material  will  fracture  and  result  in  3  catastrophic  failure 
as  opposed  to  reusable  non-destructive  failures.  For  example,  a  semi¬ 
conductor  chip  may  fracture  at  pressure  levels  below  that  which  would 
result  in  noticeable  material  property  damages  when  there  is  a  void  in 
the  chip- to~sobs crate  bond. 

While  most  electronic  materials  can  be  expected  to  withstand  the 
hydrostatic  pressures,  the  package  chat  contains  the  active  elements 
may  not  withstand  the  pressure.  The  nest  common  failures  are  package 
deformations  resulting  in  the  creation  of  catastrophic  stress  levels 
for  the  enclosed  elements.  Voids  are  the  number  one  cause  of  failure 
with  elastic  property  mismatch  a  poor  second.  The  present  design  of  TO 
cans  and  thin  lid  (particularly  metal)  flat  packs  makes  them  unusable 
for  immersed  operation.  Although  some  TO  cans  are  usable  to  several  thousand 
psi  (TO-18),  most  fail  well  below  this.  The  present  variability  in  such 
factors  as  wall  thickness,  material  and  edge  rounding  gives  a  wide  range 
of  maximum  allowable  pressure  for  a  given  type — too  wide  for  any  confident 
statement  that,  c.g.,  "TO- 3  cans  are  usable  to  500  foot  depths." 

Some  existing  ceramic  DIP  designs  will  provide  pressure  resistance 
to  depths  nearing  the  deepest  part  of  the  ocean.  As  in  the  case  of  T0- 
cans,  however,  variations  in  material  and  geometry  can  give  a  fairly  wide 
range  of  maximum  allowable  pressure.  The  key  to  the  pressure  resistance 
of  present  ceramic  DIP  designs  is  a  relatively  small  cross-sectional  void 
area  and  a  relatively  thick  cover. 

Plastic  packages  without  internal  voids  are  not  subject  to  catastrophic 
crushiug.  However,  the  relatively  large  compressibility  of  plastics 
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compared  to  ether  csatcrial  isay  promote  deformation  which  can  pull  lead 
wires  from  ceaiconductor  devices. 

Fassive  component  p.tckage*  follow  the  same  pattern.  Solidly  filled 
housings  transmit  stress  directly  to  components  and  do  not  lead  to  catas¬ 
trophic  failure.  Packages  ^ith  voids,  however?  generally  fsil  at  pressures 
well  below  those  equivalent  to  that  in  the  deepest  psrts  of  the  ocean. 

4.2  Fluid  Effects 

Oils  are  the  dost  prevalent  pressure  transmitting  fluids.  Liquids 
have  been  used  in  passive  devices  for  years  and  in  ssay  at o'i cations  such 
as  transfomsrs;  devices  such  as  resistors  are  stored  in  oil  with  nc 
adverse  efftete.  Oil  is  in  fact  a  ouch  more  benign  environment  than 
ordinary  air  containing  moisture.  loos  in  the  fluid  can  causer  device 
failures*  througn  corrosion  or  ioric  induced  effects  such  as  inversion 
layers  in  semiconductor  devices.  The  present  studies  indicate  that  mopt 
semiconductor  devices  are  fabricated  in  ouch  &  awincr  as  to  nake  than 
impervious  to  oils  in  contact  with  then.  This  is  particularly  era*.  foi 
integrated  circuits.  Experimental  evidence  also  indicate^  that  contam¬ 
ination  effects  are  minimal.  Soth  short  and  long  ten-  studies  indicate 
that  bipolar  semiconductor  devices  arc  not  affected. 

4-3  Pressure  hardening  Techniques 

Several  schemes  are  feasible  to  press;.,  c  harden  device*.  The  most 
obvious  techniq;  -  is  to  encapsulate  the  device  with  enough  material  with 
sufficient  strength  to  absorb  the  pressure  end  hence  protect  the  device. 
Epoxy  is  S  good  candidate  ter  siost  devices.  The  second  technique  is  to 
char gz  the  package  geometry.  For  example,  a  hemispherical  transistor 
package  can  withstand  almost  an  order  of  oagr.itudc  rsore  pressure  *  oan  one 
with  a  flat  top.  The  third  and  by  tor  the  most  premising  is  to  f'cod 
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the  device.  It  nay  be  chat  a  pliable  coating  of  a  passivant  naterlal  nay 
be  needed  to  Isolate  the  fluid  froa  the  device,  hcvever,  initial  results 
on  most  devices  indicate  that  this  is  unnecessary. 

Several  cautions  are  worthy  of  nention:  (1)  make  the  device  as  small 
as  possible  (stress  is  force  per  unit  area);  (2)  choose  devices  constructed 
of  materials  of  siailar  elastic  properties;  (3)  avoid  use  of  nanufacturing 
practices  which  result  in  uncontrollable  voids  in  the  device  at  locations 
which  cannot  be  flooded;  and  (4)  avoid  conpcnects  which  utilize  liquids, 
powdered  caate rials,  and  laminates. 

This  study  has  not  uncovered  any  problems  that  will  not  be  solvable 
and  hence  prevent  the  use  of  almost  all  electronic  components  in  an  out- 
boarded  node.  This  does  not  imply  that  there  are  not  mraerous  problems 
to  be  solved.  The  art  and  the  technology  must  be  H^covered  and  documented 
on  a  practical  level. 

4.4  Reliability 

No  definitive  statement  can  be  made  on  the  whole  question  of  reliability 
of  electronic  devices  for  pressure  tolerant  electronics  at  this  time.  Very 
few  studies  have  been  conducted  that  have  considered  enough  samples  to 
have  sny  significant  statistical  value.  Almost  all  investigations,  the 
present  study  included,  have  utilized  representative  devices  but  often 
only  one  or  two  in  each  category. 

The  present  study  has  considered  scsie  of  the  core  obvious  failure  codes. 
However,  subtle  failure  c'cbanism  will  certainly  be  identified  for  all 
device  types.  Experi-c&ntally,  the  most  cosmon  failure  oechan.sns  were 
those  normally  encountered  in  devices,  such  as  voids  in  t ha  bonding,  displaced 
leads  and  poor  metallization.  The  fluid-pressure  environment,  like  cachanical 
testing,  will  sometimes  accelerate  these  failure  mechanisms. 
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It  should  be  emphasized  that  no  significant  long  tern  testing  va3 
done  in  this  study.  Although  several  fluid  inversion  studies  were  conducted 
for  as  long  as  one  year,  the  tests  were  not  backed  up  by  adequate  control 
and  base  line  studies  to  allow  statistical  evaluations.  The  cost  inportant 
tests  will  involve  cycling  for  long  periods  of  tice.  This  approach  has 
been  used  at  HUC,  and  numerous  failures  have  occurred  for  some  devices. 

The  whole  area  of  plastic  creep  and  stress  relaxation  has  not  been 
treated  and  will  need  nuch  attention.  Evaluations  of  these  problems 
should  result  in  the  establishment  of  needed  screening  tests  for  the 
pressure  induced  failures.  Failure  codes  that  result  froc  the  pressure 
nay  be  cere  or  less  difficult  to  detect  than  those  now  encountered.  For 
exacple,  over  pressurization  nay  be  an  excellent  accelerated  testing 
nethed. 

Froc  a  reliability  view,  the  fact  that  devices  will  be  free  flooded 
in  an  inert  liquid  could  greatly  enhance  their  reliability.  This  is  true 
for  two  reasons:  (1)  for  free  flooded  devices  the  device  will  often  be 
uncapped  or  unencapsulated  thereby  permitting  visual  inspection  even 
after  assembly  into  such  syscecs;  (2)  the  inert  fluid  will  likely  be 
core  benign  than  the  typical  encapsulation  atmospheres.  The  latter 
should  greatly  reduce  the  mobility  cf  such  lopurities  as  water  vapor. 

Many  failure  codes  are  the  result  of  poor  quality  control  of  the  encap¬ 
sulating  environment. 
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5.0  XECOHHHNDATIONS 

W  on  the  results  of  this  study  and  the  need  for  Navy  system 

vhich  will  function  at  deep  ocean  pressures,  the  following  recordations 
are  offered: 

A  study  should  be  initiated  to  define  feasible 
approaches  to  the  utilization  of  devices  which 
are  to  be  free  flooded  with  the  pressurising 
fluid.  This  should  be  coordinated  very  closely 
with  device  nanufacturers  in  order  to  assure 
economical  feasibility  of  the  technology 
developed. 

A  study  should  be  Initiated  to  develop  passivation 
techniques  and  materials  to  protect  those  devices 
that  are  sensitive  to  the  pressurizing  fluid  and 
which  oust  be  free  flooded. 

A  study  should  be  initialed  to  develop  potting 
techniques  for  those  devices  that  must  be  protected 
against  the  pressure  in  order  to  Insure  that  all 
types  of  coaponents  are  available  for  the  systeas 
designers. 

A  study  should  be  lnciated  to  evaluate  failure 
oechanisms  Chat  are  expected,  with  particular  emphasis 
on  those  Induced  by  the  fluid-pressure  environment. 
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A  study  should  be  Initiated  to  develop  a  nethodology 
for  evaluation  of  the  reliability  of  devices  and 
sys teas  in  the  fluid-pressure  environment. 

A  study  should  be  initiated  to  consider  modular 
approaches  to  be  utilized  with  coaponents  for 
use  in  the  fluid-pressure  envlroncent. 

A  study  should  be  initiated  to  develop  systems 
concepts  for  pressure  tolerant  electronics. 
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6.0  APPENDIX 


6.1  Fundamental  Stress-Strain  Relations 

The  general  problem  faced  in  our  analysis  is  to  determine  the  stress 
distribution  s(x,y,z)  in  a  laminar  slab  of  material,  thickness  t,  with  a 
uniform  pressure  P  applied  to  one  surface  and  a  set  of  reaction  forces,  R, 
and  force  couples  (bending  moments,  M)  applied  to  the  periphery.  The 
general  case  is  sketched  in  Figure  6.1  below. 


In  general,  the  stresses  resulting  from  the  force  and  moment  distri¬ 
bution  can  be  specified  by  the  normal  stress  components  s^,  s ^  and  S3  and 
the  shearing  stress  components  s^,  s,.  and  s^.  These  are  shown  acting  on 
a  volume  element  of  the  material  in  Figure  6.2  [Ref.  11].  The  strains 
resulting  from  a  general  stress  distribution  in  the  material  are  specified 
by  considering  the  change  in  displacement  of  a  general  point  (u,v,w)  in 
the  body  with  respect  to  the  origin  0  of  a  set  of  rectangular  axes  x,  y, 
z.  The  change  in  u,  v  and  w  along  the  three  coordinate  axes 

3x*  9y’  3z* 


Figure  6.2.  Norma  1  ana  siraj  '.trasis  comoonent' 


etc.,  are  used  to  define  the  normal  strains 


_  9u  _  3v  _  3w 

el  =  3x  ’  e2  "  3y  »  ®3  =  3z 

and  the  shear  strains 


_  3u  3v  _  _3u  _3w  _  _3v  _3w 

e6  “  3y  3x  *  e5  ~  3z  3x  *  ®4  =  3z  3y  * 


Under  the  assumptions  of  linear  elastic  theory  enumerated  above,  the 
components  of  stress  and  strain  are  related  by 


s . 
J 


c.,  e. 
jk  k 


(6.1) 


j.k  *  1,2, 3, 4, 5, 6 


where  the  c^k  are  the  elastic  constants  for  the  material  and  the  repeated 
index,  k,  implies  a  summation.  For  the  homogeneous,  isotropic  material 
assumed  there  are  only  three  independent  values  of  the  c^k  coefficients, 
which  are  usually  designated  c^,  c^2  and  c^.  This  reduces  the  equations 
implied  by  2.4  to  the  form  [Ref.  11] 

S1  =  Cllel  +  c12(e2  +  e3}  (6'2a) 


s„  = 


C12  <el  +  *3>  *  clle2 


(6.2b) 


c12(el  +  e2> 


+  clle3 


(6.2c) 


c44e4 


(6. 2d) 


c44e5 


(6. 2e) 


(6. 2f) 
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8 6  "  C44e6 


wnere 


cn  =  (J  -  -)i:/ (1  *  HI  “  2  ) 


(f>.  V 


c12  =  vE/(l  +  -)(i  -  2.-)  (6.  A; 

=  E / 2 ( 1  4-  j)  .  (6.  5) 


where  v  is  Poisson’s  ratio  and  E  is  Young's  modulus. 

Given  the  applied  force  and  moment  distributions,  the  stress  distri¬ 
bution  may  in  principle  be  calculated.  Tiie  problem  is  greatly  reduced 
in  complexity  when  there  is  a  high  degree  of  symmetry  in  the  geometry 
of  the  body  and  the  applied  force  distributions,  which  is  true  in  enough 
electrical  component  packages  to  allow  the  use  of  relatively  simple 
formulas  to  gain  sufficient  insight  into  manageable  cases  to  obtain 
estimates  of  what  will  happen  in  more  complicated  situations  Formulas 
fur  stress  in  circular  and  rectangular  plates  and  for  cylinders  under  a 
uniform  distributed  load) pressure) ,  among  others,  have  been  tabulated 
by  Roark  [Ref.  12]  and  are  used  wherever  possible.  For  more  complicated 
■uses,  such  as  composite  material  slabs,  simple  assumptions  can  be  made 
which  allow  extension  of  the  formulas.  Fcr  example,  a  plate  consisting 
i  -rs  of  two  different  materials  can  be  assumed  to  have  r,o  slippage 
Luc;  interface. 

(-.2  Analysis  of  TO  Can  Structures 

in  the  case  of  the  TO  can,  a  reasonable  mathematical  model  is  to 
use  a  c/lindrical  structure  with  a  flat  top  to  represent  the  cap  of  the 
TO  can,  and  then  to  use  a  thick  disk  to  represent  the  header,  or  the 
bottom,  of  the  TO  can.  With  this  model,  one  nay  then  apply  formulas 
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derived  for  standard  cases  [Ref.  10],  and  analyze  stresses  developed  at 
various  parts  of  the  structure  due  to  the  influence  of  an  external 
pressure  upon  the  structure.  These  formulas  are  derivable  from  a  more 
general  mathematical  treatment  of  stress  and  ftrain,  such  as  obtained  from 
a  standard  textbook  of  the  theory  of  elasticity  and  a  brief  summary  of 
this  theoretical  analysis  is  given  in  Section  6.1  above. 

Figure  6. 3  shows  the  model  used  for  a  TO  can  and  shows  the  analysis 
of  this  model  into  a  free-body  diagram  to  facilitate  the  mathematical 
approach. 

The  mechanical  stresses  generated  in  the  cap  can  be  calculated 
theoretically  by  using  superposition  and  the  free-body  diagram  which  is 
shown  in  Figure  6.3.  The  forces  acting  upon  the  cap  are  membrane  forces 
acting  on  the  flat  top  and  on  the  cylindrical  sides,  a  shearing  force. 


denoted  by  Vq  in  the  diagram,  and  a  bending  moment,  denoted  by  Mq  in  the 
diagram.  By  using  the  principle  of  superposition,  the  effects  of  each 


of  these  separate  forces  can  be  calculated  on  the  flat  top  structure 
and  on  the  cylindrical  structure,  and  then  added  together.  Fo^the 
cylinder  there  are  three  conditions.  There  is  a  condition  due  to  uniform 
external  pressure  which  results  in  a  meridional  membrane  stress  given  by 


Equation  (6.6) 


J 


s^  =  membrane  meridional-stress  =  -P 


(6.6) 


A  stress  at  right  angles  to  the  meridional  stress,  which  is  called  the 
"hoop"  membrane  stress,  given  by  Equation  (6.7) 


A- 5 


The  stresses  due  to  the  uniform  radial  shear  force,  V  ,  are  the  meridional 

o 

bending  stress,  which  in  this  case  is  identically  zero  at  the  end, 

s|  =  bending  meridianal  stress  =  0  (6.8) 

and  a  "hoop"  bending  stress,  which  is  also  identically  zero  at  the  end. 

s^  =  bending  hoop  stress  =  0  .  (6.9) 

Also,  there  is  "hoop"  membrane  stress  due  to  Vq,  which  is  given  by 
Equation  (6.10) 


s  =  -  2V  \„R/t0  . 
Z  o  z  z 


(6.10) 


The  stresses  due  to  the  uniform  radial  bending  moment,  Mq,  are  a  meridional 
bending  stress,  given  by  Equation  (6.11),  a  "hoop"  bending  stress,  given  by 
Equation  (6.12),  a  "hoop"  membrane  stress,  given  by  Equation  (6.13),  a 
shear  stress,  given  by  Equation  (6.14) 


s!  =  6M  / t? 

1  O  L 

s'  =  v  6M  / tl? 

Z  O  z 

s2  -  -  2Mox2E/t2 


(6.11) 

(6.12) 

(6.13) 

(6.14) 


The  stresses  in  the  cap  due  to  membrane  effects,  the  shearing  force,  and 
the  bending  moment  are  a  tangential  stress,  given  by  Equation  (6.15);  a 
radial  stress  due  to  the  bending  moment,  Mq,  which  is  given  by  Equation  (6.16) 
and  a  tangential  stress,  due  also  to  the  bending  moment,  given  by 
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Equation  (6.17).  Finally,  due  to  the  shear  moment,  V  ,  there  is  developed 
a  uniform  radial  stress  given  by  Equation  (6.18) 


3R 

4t^ 


(1/2  -  1)  F 


sr  '  6Mo/t:l 
st  -  “o/l? 


(6.15) 

(6.16) 

(6.17) 

(6.18) 


Matching  the  boundary  conditions  and  solving'  for  the  bending  moment,  M  , 

o 

and  the  shearing  force,  Vq,  gives  the  formulas  for  these  two  quantities 
shown  below  in  Equations  (6.19)  and  (6.20). 


M 

o 


R3>2°2 

4D^(1-K>) 


2  2 

2R  A^t^ 


t2(l-v/2) [Et1+2RD2A2(l-v) ) 


2  + 


2RA2D2 

D1(l+v) 


Et, 


Et2+2D2RA2(l-v) 


P 


(6.19) 


V  = 
o 


RX2D2 

Dx(l+v) 


P  . 


(6.20) 


The  parameters,  A  and  D,  with  a  subscript  i  appropriate  for  the  top  of 
the  cap,  and  subscript  2  appropriate  for  the  cylindrical  side  of  the 
cap,  are  given  in  Equations  (6.21)  and  (6.j2)  below. 


Et,’ 


Dk" 


12(l-v  ) 
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k  »  1,2 


(6.21) 


For  convenience,  these  formulas  are  summarized  in  Table  6.1  and  Table  6.2 
To  give  an  example  of  the  use  of  these  formulas  for  an  analysis,  a 
typical  calculation  is  made  in  the  following. 


Example: 

TO- 18 

Material:  Nickel 
R  =  0.088  in 
t2  =  0.00775  in 
tx  =  0.0095  in 
E  =  A  x  10^  psi 
v  =  0.28 
m  *  1/v  *  3.57 


Cylinder 


P 

V 

M 

o 

o 

S1 

-5.7P 

0 

0 

•i 

0 

-79. 8P 

S2 

-11. 3P 

53. 8P 

-44. 2P 

•i 

0 

0 

22. 3P 

s3 

0 

6.19P 

0 

The  sum  of  the  meridional  stresses  on  the  outside  gives 


:able  6.1:  Flat  top  cylinder  treatnent  -  cylinder  stress  coaponer.ts 


The  sun  of  the  meridional  stresses  on  the  inside  wall  is 
(sl  +  sl)  “  '85. 5P  . 

The  sun  of  the  hoop  stresses  on  the  outside  wall  is 
'B2  +  s2)  ”  20,6P  • 


The  sun  of  the  hoop  stresses  on  the  inside  vail  is 


(s2  +  s')  -  -24. OP  . 

The  maximal  stress  experienced  in  the  cylinder  is  therefore: 

(sl  +  3P  ”  "35*5P  • 

For  a  yield  stress  of  20,000  psi  for  nickel 
P  »  234  psi 


Head 


The  maximum  stress  in  the  top  is 
sr  »  48P  . 

la  practice,  a  perfectly  flat-top  cylinder  is  seldom  encountered. 
Usually,  the  sides  are  rounded  to  some  extent.  In  some  cases,  the  rounding 
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approaches  a  hemispherical  surface.  To  obtain  an  idea  of  how  such  rounding 
will  affect  the  stress  resistance  of  the  structure,  one  nay  take  the 
limiting  ^ae  of  a  cylinder  surmounted  by  a  hemisphere  end  perform  a 
calculation  in  a  manner  similar  to  that  performed  above.  Agaiu,  using 
standard  formulas  from  Roark  [Ref.  12,  pg.  307].  In  particular,  we  take 
the  special  case  where  the  top  thickness,  t^,  of  the  hemispherical  top 
is  equal  to  the  side  thickness,  t^,  of  the  cylindrical  aide.  In  this 
case,  the  bending  moment  is  equal  to  zero,  and  the  shear  force,  VQ  lbs 
per  linear  inch,  is  given  by  Equation  (6.23)  below. 

V  -  P/8A.  •  (6.23) 

O  1 

The  membrane  forces  on  the  hemispherical  rep  ere  given  by  Equation  (6.24) 
below. 


Sj^  «  s2  »  PR/2t  .  (6.24) 

The  stresses  due  to  the  shear,  V^,  are  a  stress  of  zero  magnitude  in  a 
meridional  direction  at  the  edge,  and  a  hoop  membrane  stress  given  by 
Equation  (6.25)  below. 


(6.25) 


The  stresses  in  the  cylinder  are  given  by  the  stresses  previously 
quoted,  so  that  now  the  appropriate  values  of  bending  moment,  which 
is  ze.-o  in  this  case,  and  a  formula  for  the  shear  force,  Vg,  can  be  used 
to  calculate  the  stresses  which  developed  in  the  cylindrical  sides  and 
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the  hemispherical  top  under  the  influence  of  an  external  pressure,  P. 
These  formulas  are  summarized  in  Tables  6.3  ..nd  S.A.  A  comparison  calcu¬ 
lation  of  the  maximum  operating  depths  for  several  common  TO  can  types 
with  a  flat  top  and  with  a  hemispherical  top  are  given  in  Table  6.5. 

Table  6.3 

Hemispherical  cap  treatment  for  equal  side  and  top  thicknesses 
Cylinder  stress  Components 

P  V  H 


Tablc  6.5:  Comparison  ol  maximum  operating  depths  for 
sene  common  TO  can  types  with  flat  tops  and  with  heals pheri cal  tops 

Maximum  Operating  Depth  (ft) 


Can  Type 

Flat  Top 

Hemispherical  Top 

TO-18- 

843 

7700 

TO-  5 

S50 

6500 

TO-66 

248 

2730 

TO-  3 

92.4 

1670 

TO- 36 

114 

1870 

6.3  Analysis  of  Semiconductor  Chip  Fracture  Due  to  Header  Deformation 

The  situation  at  the  header  or  the  bottoa  cover  of  the  cap  under 

pressure  is  analyzed  by  considering  two  possible  cases.  These  cases  are 

sketched  in  Figure  6.4.  One  possibility  is  that  the  edge  of  the  header 

is  supported  by  the  cap,  but  is  free  to  bend.  For  this  model  we  will 

assume  a  circular  seniconductor  chip  with  radius  ac*  bonded  to  a  circular 

substrate  with  radius  a  .  The  substrate  or  header  is  deformed  by  an  external 
8 

pressure,  ?,  acting  on  the  bottom  of  the  surface,  which  causes  a  deflection 
of  the  header  about  the  fixed  edge  supports.  We  also  assume  that  in  the 
bending*  the  semiconductor  chip  does  not  stiffen  the  substrate  in  any  way. 
From  (Rel  12,  pg.  216],  the  maximum  deflection  and  maximum  stress  will 
occur  at  the  center,  and  the  value  of  this  maximum  stress  is  given  by 
Equation  (6.26)  below: 

s»-  -i(£)  <3  +  VP’  (6.26) 

This  naxisua  stress  is  developed  at  the  extrene  fiber  edges  or  the  upper 
surface  of  the  header  and  is  in  tension.  The  lover  surface  of  the  header 
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Case  i:  edges  supported,  but  not  clasped. 


Case  2:  edges  clasped. 


Figure  6.4:  Header  under  pressure 


Is,  of  course.  In  compression.  The  stress  and  strain  for  a  homogeneous 
header  arc  related  by  formulas  (6.27)  and  (6.28)  for  the  two  strain  com¬ 
ponents,  and  these  formulas  are  given  below: 

er  “  E~  <sr  '  vs  st>  (6‘27 


e 


t 


v 

s 


S  ) 


(6.  if 


At  the  center,  where  the  two  strain  components  arc  equal,  their 
value  is  given  as  a  function  of  s,  z  being  the  vertical  axis  to  the 
center  of  the  header,  as  (6.29)  below: 


(6.2? 


We  take  the  z  »  0  to  be  the  position  of  the  neutral  axis  or  the  axis  of 
zero  strain  through  the  header.  If  it  is  now  assumed  that  the  strain  is 
transmitted  to  the  chip  without  slippage  at  the  interface  (perfect  bond), 
the  maximum  strain  will  occur  in  the  upper  surface  of  the  chip.  The  value 
of  this  strain  is  given  by  Equation  (6.30)  below: 


Since 


t 


(t/2  +  tc) 


E 


(l  -  vc) 


e 

me  ’ 


(6. 3( 


(6.3! 


(3  +  v  )  P 


(6.3: 


Take,  for  example,  a  Kovar  substrate  which  has  the  values  0*28  for 
Poisson1 s  ratio  and  2  x  107  psi  for  the  elastic  constant,  Eg,  with  a 
radius  Ag  -150  inches  and  a  thickness,  t,  equal  to  .060  inches.  These 
dimensions  arc  obtained  for  a  typical  can  type  TO-5  header.  For  a  typical 
silicon  chip  whose  dimensions  are:  ac  »  .030  inches  and  a  thickness, 
t£  "  *010  inches,  and  assuming  the  values  0.27  for  Poisson's  ratio  and 
1.83  x  107  psi  for  the  modulus  elasticity,  Efi.  We  calculate  from 
Formula  (6.32)  that  the  maximum  stress  developed  at  the  upper  surface 
of  the  chip  has  the  value  given  by  Equation  (6.33)  below: 

s  -  9.37  P  .  (6.33) 

me 


The  maximum  allowable  stress  in  silicon  In  bending  is  given  by  [Ref.  13] 

A 

as  5.07  x  10  psi.  Using  the  result  of  Equation  (6.33),  this  stress, 
the  maximum  allowable  stress,  Is  developed  at  a  pressure  of  5400  psi. 

The  second  extreme  case  for  the  header  is  to  assume  that  the  cap 
holds  the  edges  of  the  header  rigidly  so  that  they  are  fixed  and  not 
allowed  to  bend  only  if  the  circular  Interior  of  the  header  is  allowed 
to  bend.  Again,  we  assume  that  the  semiconductor  chip  does  not  affect 
the  substrate  bending.  We  again  assume  that  the  strain  of  the  upper 
surface  of  the  header  Is  transmitted  to  the  chip  without  slippage  at  the 
interface.  Using  the  formula  given  by  Roark  (Ref.  12,  p.  217],  the  stress 
developed  at  the  center  of  the  base  is  given  by  Equation  (6.34): 


5(1  +  V 

S 


(6.34) 


f 
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The  strase  313d  strniji  for  a  hcacyeneoui  substrate.  arc  related  by  Equations 
(6.15)  and  (6.35):  '  '  '  '  -  . 


vs*J  '  „  --  (6-35) 


(6. 36) 


At  the  center  where  the  too  strain  c exponents  are  equal,  the  strain 
is  given  by  Equation  (6-37)  with  x  ■  0,  taken  at  the  neutral  axis. 


e(0,z)  •> 


(6,37) 


The  strain  at  the  unpor  surface  of  the  chin  is  given  by  Equation  (6.38) 


Since 


(t/2 


*c> 


-  v,\ 
E_  ! 


(6.3S) 


(6.30> 


For  the  sane  materials  and  dimensions  as  in  the  previous  calculation,  the 
c&xiauft  stress  developed  in  the  chip  is  related  to  the  pressure  by 
Equation  (6* AO): 


3.65  P  » 


(6.  AO) 


Again  using  a  maximum  allowable  stress  in  the  silicon  of  5.07  x  10  psi 
[Ref.  21],  we  find  that  the  maximum  allowable  pressure  of  operation  for 
a  header  is  13,900  psi. 

It  can  be  seen  from  the  preceding  analysis  that  even  if  the  tops  of 
the  TO  cans  can  be  reinforced  to  withstand  higher  pressures,  there  still 
may  be  dangerous  stress  levels  developed  in  the  silicon  chip  by  deformation 
or  the  header.  The  problem  of  a  composite  header  made  of  glass  and  metal 
combined  can  be  approached  by  modifying  the  equations  for  the  single 
material  case. 

For  a  model,  we  take  the  fixed  edge  case  which  has  already  been 
analyzed  above,  and  we  modify  it  to  the  case  of  the  composite  material. 

The  formula  which  gives  the  maximun  stress,  Sa,  has  already  been  quoted 
above  as  formula  (2.32).  In  this  analysis,  v;e  will  assume  that  there  is 
no  slippage  of  any  material  interface.  He  will  assume  that  the  presence 
of  the  semiconductor  chip  does  not  influence  the  stiffness  of  the  header 
disk,  we  will  assume  that  there  are  only  small  deflections,  and  we  will 
further  assume  that  there  is  a  linear  strain  relation.  Because  of  the 
linearity  of  strain  and  therefore  of  the  stress,  the  stress  as  a  function 
of  z  is  given  by  Equation  (6.41): 


s(0,z)  ■  sa  ^  . 


The  bending  aonent  per  unit  length  at  the  center  of  the  disk,  M,  is  equal 
to  zero,  and  is  given  by  Equation  (6.42): 


m-s  r  m 

mj  t 


dz  .  jf-  (t/2)  “ 


A- 19 


M  -  j  (t/2)2  x  |  (X  *  v)  P 

2 

a  4 

M  -  ~  (I  *  v>)  P  .  (6.42) 

Note  that  this  is  the  bending  raonent  in  one  direction  only.  The  factor  v, 
Poisson's  ratio,  takes  into  account  the  lateral  effects  in  the  material 
and  hence,  is  a  material  dependent  property.  However,  for  most  materials, 
the  value  of  v  lies  between  0.25  and  0.30  with  0.28  being  a  representative 
value.  Therefore,  to  first  order  the  bending  moment  is  independent  of 
the  material,  and  for  a  given  P  will  depend  only  on  the  overall  dimensions. 

For  the  model  composite  disk,  the  assumed  linear  strain  is  given  by  Equation 
(6.43),  where  the  slope,  a,  is  to  be  determined. 

e(0,z)  ■  az  .  (6.43) 

Let  Zq  be  the  boundary  between  the  material  1  and  material  2.  Then  the 

sum  of  the  applied  forces  must  be  equal  to  zero  and  is  given  in  Equation  (6.44) 


°‘f 


t/2 


E2l 


l- 


—  zdz  + 


" ( t2~z0^ 


/*tl+z0  Exa 

J 


zdz 


irbj  iv  -  (W2i +  1(vv2  -  zo2'  • 


(6.4 


Divide  by  t/2(I  -  ^)  and  set  A  *  82(1  -  Vj)/E^(l  -  V2)  •  Now, 


A(2zQ  -  t2)t2  +  tj(2z0  *  tj)  -  0  , 


or 


-  ( A 1 2 2  -  lj2)/2(Al2  *•  t  ,) 


(6.45) 
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Therefore,  the  position  of  the  neutral  axis  is  determined  by  the  relative 
thicknesses,  and  the  material  constants.  The  applied  cosent  Is  given  by 
Equation  (6.46),  which  reduces  to  the  value  given  by  Equation  (6.47). 


„./•■»  hL-  .a„  /“■"”! iL 
J,  1-V2  J  X-Ul 


-(t2-zQ) 


M  ■  3(1%  +  'VV31  +  30%  “W"  -  O  '  <6-*7> 


Solving  for  the  slope  factor,  a,  and  using  Equation  (6.42)  for  the  value 
of  H,  we  find  that  a  is  given  by  Equation  (6.48): 


3  a^U  +  v)  P 

“  E2(C23  +  (VV3)  Elt(cl+Z0)3  *  203  ' 

1  -  v,  +  1  -  v, 


Taking  as  a  typical  example  a  Veritron  West  JCDEC  TO-5  shell- type  material 


■  2  x  10'«psi  t^  *  0.015  inches 


a  *  0.300  Inches 
s 


■  i.5  x  10  psi  tj,  ■  0.085  Inches 


v2  -  0.25 


a  «  0.300  inches 


then  A  ■  C.782  and  from  (2.43),  2^  *  3.34  x  10  inches. 


A-Zi 


The  upper  lir.it  of  z  -  tj  z^  *  48.4  nils.  The  lower  limit  of  z  «  -(t2*-z 
-51.6  nils.  Therefore,  the  neutral  axis  is  displaced  froxs  the  center  line 
slightly  toward  the  Kovar.  The  slope  of  the  strain  curve  is 


(0.3)‘(1.28)  P 


1ST  (8.5)  ±  (8.5  -  3. 34)  1  201(1.5  3.34)^  -  (3.34)~1 

0.75  0.72 


a  -  1.26  x  10  F  . 


The  nax i nun  tensile  strain  in  the  Kovar  is  given  by 


(e  1  -  1.26  x  10-6  x  .04S4  P  “  6.09  x  10-8  P 

mux 

Kovar 


4  -4 

At  P  *  1.5  x  10  psi,  e^^  ■  9.13  x  10  .  This  corresponds  to  a  stress 

in  the  Kovar  of 


?  x  10*  -4  4 

(s  )  *  t n  x  5.13  x  10  *  2.54  x  10  psi 

nax  „  J.  —  u.zo 

Kovar 


This  is  about  half  of  the  yield  stress. 

For  a  10  nil  thick  chip  of  the  deformed  header,  the  naxinun  strain  is 

(e  )  *  9.13  x  10-4  x  -=~7  .  1.11  x  10~3  . 

nax  .0484 


The  maxinun  stress  in  the  silicon  chip  will  be 


,  *  i.83  x  10  ...  .^-3  ,«3 

<soax)si - 0775  x  K11  x  10  “  2‘78  x  10  Psi 


The  maxinun  allowable  stress  in  sili-on  is  on  the  order  of  5  x  10  psi,  which 


is  about  twice  the  developed  stress. 


6.4  Analysis  of  Flat  Packs 


An  indication  of  the  unsuitability  of  "as  is"  flat  pack  designs  for 
operation  under  pressure  is  given  by  considering  several  examples.  The 
smallest  area  for  the  development  of  s  force  under  pressure  is  offered 
by  a  1/4"  x  1/8“  flat  pack.  Figure  2*12  shews  a  typical  example  of  this 
type.  The  base  material  is  of  either  metal,  alumina  or  beryllium  oxide 
with  a  thickness  of  about  0.02  inches.  For  these  materials,  the  strengths 
of  interest  are: 

4 

Metal  (Kovar)  -  yield  strength  -  5  x  10  psi, 

4 

Beryllia  -  flexural  strength  -  3.3  x  10  psi, 

4 

Alumina  -  flexural  strength  -  4.4  x  10  psi. 

The  base  will  have  an  unsupported  area  of  about  .087"  x  0.197".  Taking 
the  formula  (2.2)  obtained  from  Roark  (Ref.  12,  p.  227],  with  6  »  0.5, 
the  lowest  strength  material,  beryllia,  will  start  to  yield  at  a  pressure 
of 

2 

?  -  2  x  3.3  x  10,J  »  13,900  psi. 

max  .087  r 


However,  the  top  cover  plate  is  typically  Kovar  of  about  0,005"  thickness 
over  an  unsupported  area  of  0.107"  x  0.217".  Therefore,  the  maximum 
pressure  is  limited  by  this  cover  to 


P 

max 


2  x  5.0  x  10 


4  .005 
.107 


218  psi  , 


or  an  equivalent  depth  of  419  feet. 

Another  commonly  used  flat  pack  is  the  1/4"  x  1/4",  TO-86.  A  typical 
example,  manufactured  by  Texas  Instruments,  is  shown  in  Figure  2.10.  Two 


different  lid  thicknesses  are  used,  0.0035"  and  0.005".  If  these  are 


made  of  Kovar,  the  maximum  permissible  pressures  fir  the  unsupported  area 
of  0.180“  x  0.180"  are 

P  c61  psi  , 
max 

or  an  equivalent  depth  of  about  140  feet,  for  the  thin  lid  (0.0035")  and 
Pnax  **  Psi  ^or  t‘ie  "^ick"  lid  (0.005"),  or  an  equivalent  depth  of 
290  feet. 

Table  6.6  tabulates  these  calculated  maximum  pressures  and  those 
tor  some  other  commonly  used  flat  pack  sizes.  Note  that  in  each  case, 
doubling  the  lid  thickness  will  provide  four  times  as  great  a  maximum 
allowable  pressure.  Similar  calculations  can  be  made  for  dual-in-line 
packages(DIP)  which  have  a  flat  pack  type  chip  cavity  and  use,  typically. 


metal  lids  on 

the 

order 

of  0.010"  thick. 

Several  of  these  are  shown  In 

Figure  2.11. 

Tabic  6.6:  Maxicuo  allowable  operating 

pressures 

for 

some  commonly  used  flat 

pack  styles 

Type 

a 

b 

Lid 

Thickness  (in) 

Lid 

Material 

P  (psi) 
max  r 

Maximum 
Depth  (ft) 

1/4"  x  1/8" 

.217 

.  107 

.005 

Kovar 

218 

490 

1/4"  x  1/4" 

.0035 

Kovar 

63 

142 

.005 

Kovar 

129 

290 

i/4"  x  3/8" 

.313 

.200 

.010 

Kovar 

268 

604 

3/8"  x  3/8" 

.010 

Kovar 

180 

405 

6.5  Passive  Component  Package  Analysis 

An  understanding  of  the  effects  of  hydrostatic  pressure  on  passive 
component  packages  is  provided  by  consideration  of  the  basic  cylindrical 
package,  shown  in  Figure  6.5.  Also  shown  in  this  figure  is  the  free  body 
diagram  for  the  forces  acting  due  to  hydrostatic  pressure  P. 

Considering  the  cylinder,  it  will  be  assumed  that  the  end  pieces 
are  very  thick  (t^ — •*  ®).  In  this  case,  the  formulas  from  case  30,  Table  XXII, 
pg.  307  In  (Ref.  12}  reduce  to  a  bending  moment  of 

M  -  -2PR2X?D,/Et,(l  "  '’/2>  (6.51) 

O  2  L  L 

and  a  shear  force 

V  -  21,H  (6.52) 

o  i  o 

at  the  ends.  In  these  foraulas 

2  2  1/4 

X2  -  (3(1  -  v)/k  tj  ]  (6.53) 

D2  -  Et23/12(l  -  v2)  .  (6.54) 

Denoting  by  subscript  1  longitudinal  stress  components  and  by  sucscript  2 
meridional  stress  components,  the  appropriate  formulas  for  the  outer 
surface  are: 

Membrane  stress  components: 
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Figure  6.5:  Cylindrical  coaponent  housing 


Shear  Force  Generated  Components: 

6Vq  -A,x  , 

s^  - - j  e  sin  A2x  s2  “  vsj[ 

A2t2 


**2  IU*0e 

s2  - - - -  (cos  AjX  -  sin  X2x) 


The  formulas  for  Che  shear  force  and  bending  moment  generated  stresses 
are  for  one  end  only  (x  «  0).  The  same  formulas  apply  to  the  other  end 
substituting  (l-x)  for  x.  Using  the  principles  of  superposition,  the 
stress  components  are  added  to  obtain 


-R  6V  f-Ax  -A  (l-x)  1 

<31>  ,  “  2tl  +  T~~2  Le  313  V  +  e  sin  A2(t-x)J 


Total  2  Ajt2 


6Ho  (  -A2x 

-  — j  je  (cos  A2x  +  sin  A2xJ 
t2  ( 


-A2(t-x) 


(cos  A 2(l-x)  +  sin  A2 (i-x) ] )  (6. 


-S  "X2X 

(S2}  "  2t"  P  +  C 

Total  c2 


sin  AjX  - 


2A-RV  \ 

,  C2  / 


cos  A2x 


-A«(l-x)j 


+  e 


&) 


2A,RV  , 

sin  A2(1-x)  - 1— £  j  cos  A2(l 


2A,2RH  «  -A2x 

+  — - - -  |e  [cos  A2x  -  sin  A2x] 


-A-(l-x) 

+  e  (cos  A2(1-x)  -  sin  A2(l-x)J 
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”*2X 

e  (cos  *2X  +  sln 


-X.x(i-x)  i 

+  e  [cos  X2(t-x)  +  stn  X2'i-x)]l  .  (6.56) 

The  parameter  X^  is  Che  standard  by  which  the  cylinder  can  be  judged  to 
be  short  or  long.  For  short  cylinders  (X^  snail)  the  end  conditions  have 
an  appreciable  affect  near  the  center  of  the  cylinder  (  x  =  i/2  ).  For 
long  cylinders,  the  end  effects  become  negligible  approaching  the  center 
of  the  cylinder  because  of  the  exponential  factors  exp(-Xx)  and  exp[-X(t-x) ] . 

The  formulas  (6.55)  and  (6.56)  can  be  applied  to  the  case  of  an 
aluminum  housing  for  an  electrolytic  capacitor.  Typical  dimensions  arc: 

length,  1-7/8  Inches;  diameter,  7,8  inches  and  thickness,  0.015  inches. 

7  4 

For  aluminum  E  "  1  x  10  psi,  v  »  0. 33  and  the  yield  stress  is  sy  »  2  x  10 

psi.  For  these  values 

2  1/4  -1 

X2  -  [3(1  -  0. ll)/(0. 43S  x  0.015)  ]  »  15.7  in  . 

This  relatively  large  value  of  X  allows  the  neglect  of  end  conditions 
near  the  center,  and  the  neglect  of  conditions  at  one  end  when  analyzing 
the  stress  conditions  at  the  other  end.  At  the  center,  the  stresses  are 
approximately. 


2(0.015) 


P  =  -14.6  P. 


s2  -  2s |  -  -29.2  P  . 


The  outer  surface  is  in  compression  with  a  maximum  stress  in  the  meridional 
("hoop")  direction  of  about  29  times  the  applied  pressure. 
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occurs  at  the  ends  of  the  cylinder  where 


The  maximum  value  of  (s.) 

Total 


(s.)  -  -14.6  P  +  71  P  -  56.4  P 

1  Total 


(x-0,2) 


i.e.,  the  longitudinal  stress  is  tensile, 
ends  is  also  tensile  at  a  maximum  value  of 


The  value  of  (s.) 

Total 


at  the 


(s,)  -  32  P  .  (x-0,i)  . 

Total 

The  critical  stress  is  the  longitudinal  stress  at  the  ends.  Setting  this 
equal  to  the  yield  stress  s^  ■  2  x  10  psi  gives  a  maximum  pressure  of 

P  »  2  x  104/56.4  ■  355  pal  , 

ZB3X 

or  an  equivalent  depth  of  about  800  feet.  Beyond  this  depth,  deformation 
will  start  occurring  at  the  ends. 
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6.6  Effect  of  Stress  on  Semiconductors 

Intrinsic  semiconductor  properties  are  determinedto  a  large  extent 
by  the  energy  band  structure  of  the  material.  The  band  shape,  position 
in  momentum  space,  magnitude  of  energy,  and  number  of  band  edge  points 
determine  the  semiconductor  properties.  It  is  usually  assumed  in  the 
energy  band  model  of  the  piezojunction  effect  that  only  the  energy 
separation  between  the  valence  band  maximum  and  the  c production  band 
minimum  are  affected  by  stress.  It  is  possible  to  consider  some  of  the 
other  effects  such  as  the  change  in  -ability  due  to  relative  population 
and  depopulation  of  certain  energy  extremes,  and  change  in  effective 
mass  due  to  the  band  dlst  .lion.  However,  most  of  the  first  order  effects 
of  stress  on  the  electrical  ; *  'erties  of  p-n  junctions  can  be  explained 
by  considering  only  the  effect  >e  band  gap  changes. 

In  general,  semiconductors  have  more  than  one  valence  and  conduction 
band  edge  point.  Often  the  conduction  band  edge  points  are  not  located 
at  the  center  of  the  Erlllouin  zone.  Let  us  consider  the  general  case 
of  a  conduction  hand  minima  and  g  valence  band  maxima.  Neglecting  any 
effects  of  stre.s  on  the  effective  mass  and  considering  the  change  in 
the  energy  levels  it  can  be  shown  that  under  stress  the  minority  carrier 
density,  pn  or  np,  is  [Ref.  25] 


,fvi, 

kT 


VI 


+  exp(~%] 


(6.57) 


X  (exp(-£^-)  +  + 


exp(%S>J 


7v(e> 


Where  v  »  a&  and  the  ti'  -  .are  the  changes  in  the  respective  energy  ex¬ 
tremes  and  p  and  n  arc  the  zero  stress  values  of  minority  carrier 
no  po 
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density.  It  is  easily  shown  that  the  intrinsic  carrier  concentration  l's 


where  n^Q  is  the  unstressed  intrinsic  carrier  density.  The  factor  7^  (e) 
is  the  parameter  which  relates  the  carrier  density  to  the  change  of  energy 
band  structure  with  stress.  .The  number  of  bands,  their  energy  value,  the 
orientation  of  the  stress  with  respect  to  the  crystal  axis,  and  the  amount 
of  doping  influence  the  dependence  of  y^fe)  with  stress.  This  dependence 
is  discussed  for  the  various  semiconductor  materials  in  the  later  sec¬ 
tions  of  this  report. 

Given  a  particular  semiconductor  and  stress  orientation,  the  ultimate 
interest  lies  in  the  effects  of  the  strain  induced  changes  in  the  minority 
carrier  density  which  influence  the  p-n  Junction  parameters.  There  are 
two  types  of  current  that  flow  in  p-n  junctions:  (1)  diffusion  or  ideal 
current  across  the  space  charge  region  of  the  junction  and  (2)  generation 
recombination  current  resulting  from  trap  centers  in  and  close  to  the 
space  charge  region  of  the  junction.  The  generation- recombination  current 
can  be  separated  into  two  components:  (a)  that  occurring  in  the  bulk 
material  and  (b)  that  occurring  at  surface  of  the  material.  Very  little 
information  is  available  on  the  effects  of  stress  on  the  surface  current. 
The  effects  of  stress  on  the  diffusion  currents  and  the  bulk  generation- 
recombination  currents  can  be  tested. 

It  is  interesting  to  note  that  it  is  the  stress  at  the  edges  of 


the  depletion  region  that  Influences  the  diffusion  currents  and  not  the 
stress  in  the  depletion  region.  In  a  junction  with  a  strain  eQ  on  the 


n-side  of  the  junction  and  a  strain  e^  on  the  p-side,  the  hole  and  elec¬ 
tron  diffusion  currents  at  a  constant  bias  voltage  arc  (Kef.  25} 


(6.59) 
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(6.60) 


vhere  en  and  cp  arc  the  general  strains  at  the  two  sides  of  the  junction 
and  Ipo  and  *no  arc  tnc  unscrcsscd  currents  (each  are  voltage  dependent). 
It  is  not  unusual  to  introduce  stresses  in  a  junction  such  that  one  side 
of  the  Junction  is  stressed  with  a  larger  sagnitude  chan  the  other.  This 
is  particularly  true  for  stress  applied  vith  indencer  points.  H. e  total 
saturation  diffusion  current  is 


and 


I 

s 


y  w +  y  vy 


(6.61) 


y^-D 


(6.62) 


where  1^  is  the  diode  diffusion  current. 

If  only  a  part  of  the  ji, notion  area,  ft,  is  stressed,  for  cxa.-=ple 
Asn  on  tha  n'sidc  and  Asp  cn  the  p-cjde,  as  shovn  in  Pigure  6.6, 
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(6.63) 


For  the  special  case  of  uniCorn  strain  a 
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(6.64) 
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Figure  6.6A:  Stressed  p-n  junction  model.  [Ref.  25] 
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Mechanical  Situation 


Electrostatic  Analogy 


Figure  6.6B:  Stress  situation  with  a  different. stress 
distribution  ut  n-side  of  depletion  region 
than  at  the  p-side  of  the  depletion  regiOji, 


In  the  case  of  bulk  generation? recombination  currents,  it  Is  th* 
stress  iii  the  Junction  that  affects  the  current.  The  I'ecGnblnotion  cur¬ 
rent  i 3  given  by 


17vM'  (eqV/kT  -1)  (V  -  VQ)  • 


1  .  WqV'2kT 


(^65) 


where  a  and  h  arc  constant s  depending  or.  the  iifitiree  and  number  of  tiap 
centers  **nd  I'ujy  energy  positions  in  bend  gap.  and  Vq  is  the  built/* in 
junction  potenlia* .  This  cxpicsflon  neglects  chargee  in  the  trap  energy. 
The  effects  of  stressing  Only  of  the  junction  can  be  accounted  for 

in  the  sarcc  mnner  as  was  done  for  the  <iii£s«s:ion  current. 


6.6.1  Effect  of  Stress  on  Co  and  Si 

The  effect  of  stress  or,  G*  and  Si  has  been  previously  reported.  The 
following  is  a  surr^ary  of  the  previous  work  [Refs.  25,  26,  27)  and  is  in¬ 
cluded  for  completeness  of  this  report. 

The  energy  band  structures  of  Cc  and  Si  are  shown  in  Figures  6.7  and  6.8. 
The  degenerate  1'^.  level  located  at  k  =  (000)  is  the  saxlffiua  valence 
level  and  is  assigned  an  energy  value  of  ccro  for  bofh  Gc  and  Si. 

Actually  has  two  diifeient  energy  values,  one  corresponding  tc 
j  =  ~  and  one  corresponding  co  j  *  •j.  live  (j  =  -|)  level  is  -0.06  eV 
below  the  (j  =  *t)  level  for  Si  and  -0.3  eV  for  Ge.  The*  (j  e  *j) 
level  is  itself  degenerate.  The  conduction  level  niniria  or  valleys  are 
ir.  the  (111)  directions  for  Ge  and  arc  located  at  L^.  The  conduction 
niniira  on  Si  are  on  the  curve  and  occur  in  the  (100)  directions  with 
k  value  slightly  less  than  that  of  the  X,  levels.  In  Ge  and  Si,  X  is 
a  degenerate  level . 
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As  one  would  expect,  mechanical  deformation  of  a  crystal  destroys 
the  lattice  periodicity  and  the  energy  bands  will  change.  The  change  is 
described  by  using  deformation  potential  coefficients  [1  which  are  defined  by 


E  «  E  £  f]  e 
o  ,  Js  s 

s  =  1 


(6.66) 


where  E  is  the  energy  at  the  band  edge  point,  F.^  is  the  unstrained 
energy,  and  e^  are  the  strain  coinpon  nu-  referred  to  crystal  axes. 

The  allowed  energy  levels  arc  found  by  determining  the  eigenvalues 
of  the  Harail  tonion.  The  energy  change,  .££,  is  defined  by 


££  «  E  -  E 


(6.6?) 


Hie  changes  in  the  valence  and  conduction  band  of  Gc  and  Si  are 
summarized  belo-r: 

Valence  Band  of  Gc  and  Si 

^Vi  "  Dd  c  +  ((1  Du)2  (cl2  4  c22  +  c32  -  C1C2  -  C1C3  -  °2C3) 


+  <!  V2  <CA2  +  V  +  «62)}^ 


(6.68) 


^2  *  Dd  0  *  f<3  V2  (V  +  C:2  +  C32  *  C1C2  -  C1C3  '  V 


(6.69) 


7  7  7  5  7  3- 

+  (j  D')  <e4  +  c  ,  +  e^)]* 


vhcrc  EVj  is  the  "heavy"  hole  band  ar.d  is  the  "light"  hole  band. 


Conduction  Band  of  Gc 


^Cl  '  (l]d  +  c  +  £[jU  (c4  +  CS  +  V  1 


^C2  “  (”d  '  if-V  *  +  £f]u  <*4  -  '5  -  V  • 


(6.70) 

(6.71) 


(6.72) 


^C3  "  ([]d  +lIV  6  +lnu  (*e4  +  eS  ‘  V  ' 

^C4  =  ([]d  +  |nu)  «  +  |nu  <-e4  -  *5  +  e6)  .  (6.73) 

where  E„  is  the  conduction  ninicun  in  the  [111]  and  [III]  directions.  E_„ 

C2 

is  the  einissra  in  the  [111]  and  [Ill]  directions,  Ec3  is  the  oiniiaaa  in 
the  [til]  and  [111]  directions,  E^  is  the  ninioun  in  the  [111]  and  [111] 
directions. 


££ 


Cl 


dE 


C2 


£E 


C3  “ 


Conduction  Band  of  Si 


tid  e  +  n„  ci  -  «K  e4>2/£E  = 

[]d  «+  []u  ^  +f  -  H'  e4  ; 

nd  *  ♦  n„  c2  -  ([]'  e5)2/CE  ; 

•I)d  I]u  e2+^-  O'  *5  ; 

fld  e  ’■  nu  e3  -  ([]u  e6)2/C E  ; 

Hd  «  +  nu  e3  +  f-  -  [}'  e6  ; 


|c4|  <2£/(2[3uO 
|c4|  >7!E/(2[}uO 

|es|  <C£/2([]') 
|e5|  >  25E/2([3'> 

j»6|  <*/(«# 

|e6|  >  ^E/(2fJ'> 


(6.741 


(6.75) 


(6.76) 


vherc  E^  is  the  conduction  cinicus  in  the  [100]  and  [lOO]  directions, 
is  the  conduction  nininua  in  the  [010]  and  [OlO]  directions,  E^  is  the 
nininsm  in  the  [001]  and  [00l]  directions. 

Referring  Co  the  set  of  Eqs. 6.70-6.73  and  to  Eqs.  6.74-6.76  it  is 
seen  that  for  a  general  strain  sone  of  the  conduction  ninina  increase  in 
energy  -while  others  decrease.  This  means  that  electrons  vill  populate 
the  lowest  nlniea  and  depopulate  the  higher  niniaa .  Likewise  the  valence 
levels  shift  relative  to  each  other  as  shown  by  Eqs.  6.68  3nd  6.69.  A^ain 


A-37 


§gSgRW^a*«s-*- 


the  holes  will  populate  the  higher  energy  level.  The  band  gap  Eg  is 
defined  as  the  difference  in  energy  between  the  lowest  conduction  minimum 
and  the  highest  valence  maximum.  For  hydrostatic  pressure  all  of  the 
conduction  levels  shift  the  same  aaount.  Likewise  the  valence  levels 
shift  together.  The  shift  of  with  strain  is  then  singly  the  change 
in  the  conduct  ion  levels  sinus  the  change  in  the  valence  levels. 

Table  6.7  lists  the  changes  in  the  conduction  and  valence  levels  for 
a  hydrostatic,  uniaxial  f 1 00 ) ,  uniaxial  fill],  and  uniaxial  [Oil]  com¬ 
pression  stress.  As  shown,  the  effect  of  uniaxial  stress  is  considerably 
different  from  that  of  a  hydrostatic  stress.  Uniaxial  stresses  generally 
cause  a  splitting  of  degenerate  levels  while  hydrostatic  stresses  do  not. 

Using  these  changes  of  energy  level  and  Kq.  6.57,  the  theoretical  re¬ 
lation  of  7v(o)  vs  stress  is  plotted  in  Fig.  3.4  for  Ge  and  3.5  for 


6.6.2  Effect  of  Stress  on  Ill-V  Seni conductors 

The  III-V  compounds  crystallize  in  the  zinc-blend  structure  which, 
like  diamond,  has  facc-ccntcred  cubic  translational  symmetry  and  its  in¬ 
verse  lattice  is  body-centered  cubic.  The  first  Brillouin  zone  has  the 
form  of  the  truncated  octahedron  similar  to  Ge  and  Si.  The  zinc-blend 
structure  has  two  different  atons  per  unit  cell  and  as  a  result  does  not 
have  inversion  symmetry.  Ihis  lower  symmetry  affects  the  band  structure 
removing  some  of  the  degeneracies  which  occur  in  diamond- type  crystals. 

The  major  features  of  the  energy  band  structure  of  11I-V  confounds  are 
sioilar  to  chose  of  Ge  and  Si.  Neglecting  spin-orbit  interaction,  the  hole 
bands  of  III-V  compounds  are  composed  of  three  energy  bands  which  can  be 
thought  of  as  arising  froa  the  three  bending  p-orbitals  (px*  py,  P2>  o£ 
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Table  6.7:  Relative  Change  in  the  Conduction  and  Valence  Energy  Levals  In 
10  ^  ev/psi  as  a  Function  of  Hydrostatic  and  Uniaxial  [100], 
[111],  [Oil]  Stress 


Energy  Levels 


Stress  Orientation 
Hydrostatic  [100]  [111] 


'  *ci 

-3.45 

0.60 

7.55 

4.08 

^1  *  ^02 

-3.45 

0.60 

1.29 

4.13 

^V1  -  **03 

-3.45 

0.60 

1.29 

0.11 

^vi-^cu 

-3.45 

0.60 

1.29 

0.11 

^2  -  *a 

-3.45 

-2.95 

3.36 

-2.46 

^2-^d 

-3.45 

-2.95 

-5.47 

-2.46 

&V2  * 

-3.45 

-2.95 

-5.47 

-6.47 

^2-^04 

-3.45 

-2.95 

-5.47 

-6.47 

-*®ci 

1.03 

6.23 

1.11 

-1.33 

^1 

-^C2 

1.03 

-1.22 

1.11 

2.38 

*n 

-^C3 

1.03 

-1.22 

1.11 

2.38 

^V2 

-^ci 

1.03 

4. 38 

-0.44 

-2.96 

i£vz 

*  ^02 

1.03 

-3.07 

-0.44 

0. 766 

‘5EV2 

-  ^C3 

1.03 

-3.07 

-0.44 

0.766 
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of  the  atoms.  Those  three  bands  are  degenerate  at  k  *  (0,  0,  0)  since 
they  arc  staply  transformed  into  each  other  by  the  cubic  syractry  at 
that  point.  Each  band  is  also  spin- degenerate,  so  there  is  six- fold 
degeneracy  altogether. 

The  spin-orbit  interaction  causes  a  splitting  of  these  bands,  into 
heavy  and  light  hole  bands  and  a  split-off  band  vhich  is  slightly  lower 
in  energy  than  the  other  two  bands  [Kefs.  62,  63).  For  Ge  and  Si  vhich 
have  inversion  syssetry  at  k  =  (0,  0,  0),  T,  E (k)  is  zero  at  the  origin 

K 

of  k  space  and  a  local  cininaio  or  maximum  exists  in  the  band  structure 
[Ref.  58],  For  1II-V  compounds,  the  inversion  syunctry  is  missing  and 
the  energy  bands  are  no  longer  required  to  have  zero  slope  at  the  origin. 
The  energy  band  structure,  however,  docs  retain  symmetrical  in  k-spacc 
even  when  inversion  symmetry  is  missing,  i.c.,  E  (-k)  -  E  (k)  [Ref.  65]. 
Typical  hole  energy  band  structures  for  the  diamond  structure  and  for 
the  zinc-blend  structure  arc  shown  ir.  Figure  6.8.  The  numbers  indicate  the 
degeneracy  of  the  various  levels. 

For  the  zinc-blend  structure  the  non-zero  slope  on  the  energy  bands 
at  the  origin  of  k-spacc  implies  that  the  maximum  hole  energy  or  the  band 
edge  points  occur  somewhere  within  the  Brillouin  zone.  For  cost  of  the 
Ill-V  compounds,  nowever,  the  band  edge  points  apparently  occur  very 
close  to  k  »  (0,  0,  0)  [Ref.  65].  Figure  6.10(a)  shows  expanded  sketches 
of  the  hole  energy  bands  near  (0,  0,  0)  for  zinc-blend  structures. 

A  detailed  treatment  of  the  effects  of  stress  on  the  energy  band 
structure  of  ITI-V  compounds  comparable  to  that  of  Ge  and  Si  has  ap¬ 
parently  not  been  aide  prior  to  this  contract.  Because  of  the  cubic 
symmetry,  the  effect  of  stress  on  the  energy  band  structure  at  (0,  0,  0) 


ipin-orbit  interaction  ne- 
lected  (all  face-centered 
:ubic  lattices) 


pin-orbit  interaction  in- 
ludcd  (diacond  structure) 


>in-orbit  interaction  in- 
Ludcd  (zinc-blend  structure 


i&gggmzsF&z? £’s  ■"•  ~*r 


ii  similar  to  that  of  Gc  and  Si,  and  the  splitting  of  the  energy  levels 

y 

with  stress  can  be  described  by  three  deformation  potentials  ,  Dy, 
and  D'.  A  detailed  treatment  of  the  energy  band  structure  without  stress 
has  been  made  by  Dressolhaus  using  the  k  •  p  perturbation  approach  (Ref.  651. 
It  is  possible  to  use  this  information  to  gain  an  indication  of  how  the 
energy  bands  arc  split  under  stress  for  small  values  of  ic  near  (0,  0,  0). 

The  k  *  p  perturbation  matrix  for  cubic  symmetry  is  similar  to  the  strain 
perturbation  matrix.  In  the  k  •  p  perturbation,  second  order  terms  in 
k  appear  .in  the  form  k.k,.  The  strain  perturbation  has  similar  terms 
of  the  form  e^.  Recognizing  the  similarity  between  the  strain  pertur¬ 
bation  and  the  k  •  p  perturbation,  it  is  possible  to  obtain  from 
Dresselhaus’s  work  the  following  expressions  for  the  energy  bands  at 
small  values  of  k  and  for  particular  stress  directions: 

(a)  Stress  in  [100]  direction;  k  in  [ICO]  direction 

E  -  D  "  e  +  {(4  D  )2  (e,  -  e,)2  +  cV}^  (double  roots)  (6.77) 

V  <3  -  j  u  i.  t 

(b)  Stress  in  fill]  direction;  k  in  [111]  direction 


(D^)  (double  root) 

E„  ■  D^U  o  +  ^  (O')  eft  +  'h  Ck 

(O')  e.  -  -/i  Ck 
u  It 


(6.78) 


Note  that  for  k  «  0,  these  expressions  reduce  to  the  same  form  as  for 
Cc  and  Si.  From  these  solutions,  the  shape  of  the  energy  bands  under 
stress  is  sketched  in  Figure  6.10(b).  As  can  be  seen  in  the  figure,  the 
major  effect  of  stress  is  a  splitting  of  the  A  fold  degenerate  level 
at  (0,  0,  0)  Into  two  doubly  degenerate  levels  at  (0,  0,  0) . 
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For  piezojunction  phenomena,  the  important  effect  of  stress  is  the 


shift  of  the  band  edge  points  and  the  accompanying  changes  in  minority 
carriers  [Ref.  25].  As  long  as  the  hole  band-edge  points  for  III-V  com¬ 
pounds  occur  near  (0,  0,  0),  the  normal  equations  used  to  describe 
stress  effects  in  Gc  and  Si  can  be  used  as  good  approximations  with 
appropriate  deformation  potentials. 

The  majority  of  III-V  compounds  (GaAs,  GaSb,  InP,  InAs,  InSb)  arc 
direct  band-gap  materials  with  the  conduction  band  minimum  occurring 
at  (0,  0,  0) .  The  effect,  cf  stress  on  the  conduction  band  is  then 
described  by  a  single  deformation  potential,  i.e.,  =  D^C  e.  The 

effee*  of  hydrostatic  stress  is  to  change  the  band-gap  o y  the  amount 

■  <DdC  ■  DdV)  c- 

Neglecting  the  relatively  ninor  differences  discussed  above 
between  the  band  structure  of  III-V  compounds  and  Gc  or  Si,  the  changes 
in  the  energy  between  the  conduction  band  and  the  two  valence  bands  for 
III-V  compounds  are 

A(EC  -  V  =  (D/  -  D/)  c  +  {(|  d/  (£l2  +  e/  +  c/ 

(6.3 

-  e,  c,  -  ex  e3  -  e2  cj  +  -j(D') 2  (c^2  +  Oj2  +  e^2))^  • 

For  the  [100],  [111],  and  [11C]  directions  of  stress,  this  beconcs 


[Ref.  65] 


A(E„  -  E„)  «  (D.C  -  D/)  (s„  +  2s„)S  +  8E 


where  s  is  tiie  magnitude  of  stress  and  s^  arc  co=pllancc  coefficients. 
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3  Du  (sll  -  hP  S 


tE  *  Du  s44  S 


for  [100]  stress 


for  [111]  stress  (6.81) 


\  [(§  Du)2  (su  -  s12)2  +|  (D')2  s^]*  t  for  [110]  stress. 


For  the  majority  of  XII-7  compounds,  all  the  deformation  potentials 
are  not  known  so  it  is  not  possible  to  make  detailed  calculations  of 
stress  effects.  GaAs  is  an  exception-in  which  all  the  necessary  quan¬ 
tities  have  been  determined.  The  deformation  potentials  and  compliance 
coefficients  are  shown  below  [Refs.  66,  67): 


D  C  -  D.v  -  8.7  ev 
d  d 


D  «  3.15  ev 
u 


B'  -  5.63  ev 
u 


su  >9.1:  10-8  (psi)-1 
s12  -  -2.52  x  10-8  (psi)-1 
S(A  »  11.6  x  1C-8  (psi)-1 


For  compressive  stress  of  magnitude  S  these  give  the  following  changes 
in  the  separation  between  the  conduction  band  and  the  two  hole  bands: 


(a)  [100]  stress 


(b)  [111]  stress 


^0.428  Sj 
ss 

1>2  -  I3'95  S)  (10-7 

1  1.36  Sj 


(10  7  ev/psi) 


(c)  [110]  stress 


i  2  r*.85  sl  - 

s’  "|o.47sj<10 


cv/psi) 


ev/psi) 
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For  ail  thi?  .above  stress  orientations,  -the  theory  predicts  an  Increase 
£&  the  energy  gap  between  the  conduction  level  and  both  valence  levels. 
This  arises  because  the  splitting  of  the  valence  levels  under  non¬ 
hydrostatic  stress  is  not  sufficient  te  overcome  the  increase  ir.  the 
band-gap  due  to  the  hydrostatic  component  cf  stress. 

Using  the  above  values  of  changes  ir.  energy  gap,  the  ratio  of 
stressed  to  unstressed  minority  carrier  density  wn  be  calculated* 

This  ratio,  7v(c>,  is  determined  by  the  relation 


ACEc-Evi>  .  ,^0-V 


]  .  (6.85) 


Using  the  approximation 


3/2  _  _  3/2  1  ,  *. J 

'Vl  “  °V2  =  2  <V  ’ 


this  can  be  reduced  to 


.  &  ££ 
?v<c)  (cxp(— +  exp(— ^t)} 


This  equation  is  plotted  in  Figure  6.11. 

The  piczojunction  phenomena  is  normally  observed  by  stressing  a 
small  region  of  a  p-n  junction — the  small  area  being  used  in  order  to 
achieve  high  stress  levels  with  small  forces.  In  Ce  and  Si  stress 
causes  a  decrease  in  the  band-gap  and  consequently  very  large  increases 
in  the  current  flow  through  the  stressed  area.  The  effect  can  be  ob¬ 
served  because  the  current  can  increase  by  several  orders  of  magnitude 


uhich  is  sufficient  to  overcome  the  area  ratio  factor  between  the 
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stressed  and  unstressed  regions.  In  GaAs  the  current  in  a  snail  .stressed 
area  should  decrease  because  of  the  increased  band-gap,  and  the  oaxicuim 
change  in  current  which  can  be  observed  is 

fUx  - (A :  V/A  •  <6-88> 

where  A  is  the  total  junction  area  and  A  is  the  stressed  area.  Thus, 

s 

unless  the  stressed  area  is  a  significant  part  of  the  total  Junction 
area,  very  scull  current  changes  should  be  observed  for  GaAs  devices. 
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